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Detailed analyses of the effects of air flow on 
the stockline of a l/17th model of the ironmaking blast 
furnace with a Paul Wurth hopper and top were carried 
out. Sinter and coke layers were separately charged 
against air flow rates from zero to 0.372m3/s. 
Different particle sizes for sinter and coke were 
selected in order to exaggerate the individual behaviour 
of each material. Coke particle sizes ranged from 
-8.0+6.3mm to -4.0+3.15mm and sinter particle sizes 
ranged from -2.5+2.0mm to -1.0+0.5mm. Thermistors were 
used to record above burden velocity profiles.
The experimental data were analysed by theories of 
segregation and flow in packed beds as appropriate. 
Results show that air flow increases coke deformation 
which in turn decreases the angle of repose of the upper 
layer of sinter. However, even though a flatter profile 
was obtained, relative velocity profile increased as the 
air flow rate through the burden increased and radial 
velocity distribution followed a catenary pattern.
Using appropriate particle size ratios, results 
from the small scale model are used to calculate air flow 
effects on the harmonic mean size distribution in a full 
size test rig. Sinter H.M.S. increases by 3% and coke
H.M.S. increases by 10%.
NOMENCLATURE
(X = angle of repose of particle 
Y - slope of surface
5 = standard deviation at time,t
So = standard deviation at equilibrium 
k = rate constant 
t = time
x = a given point on slope (eqn.2.3)
1 = length of slope (eqn.2.3) 
c = concentration of tracer 
C o  = initial concentration of tracer 
K = constant
C = size composition (wt. percent) in hoppe 
Co = size composition in feed 
AP = pressure drop 
L = length of packed bed 
U = viscosity
usm = superficial velocity
6 = porosity
dp = particle size 
p = density 
p b = bulk density 
p s = density of solid 
p  g = density of gas 
Q = flow rate 
R = resistance
Ri = resistance of large particle layer 
Ri = resistance of interface
Xn = mass fraction of nth size particle in
Rs = resistance of small particle layer
Xno = Xn at L equals 0 
Fg = gravitational force 
Fa =: drag force 
A = cross-sectional area 
C d = drag coefficient 
g = gravitational constant
ui> = terminal velocity in hindered settling 
R 1 = correlation factor for eqn.2.22 
u = velocity
umf = minimum fluidization velocity 
f = friction factor 





B.H.P, Broken Hill Proprietary
H.M.S. harmonic mean size
K.S.C. Kawasaki Steel Corporation
L/S ratio of percentage weight large particles to
percentage weight small particles
0/C ratio of ore layer thickness to coke layer
thickness
P.W Paul Wurth
R.P.M. revolutions per minute
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INTRODUCTION
Burden distribution in a blast furnace must be 
’ controlled in order to produce preferred gas flow
distribution, stable operating conditions, low fuel rates 
and high productivity and quality of hot metal.
Blast furnace burden material undergoes
segregation of sizes when discharged from a hopper onto a 
stockline of the blast furnace.1-4 The size
segregation of free flowing materials has been
extensively studied.5-8
The segregation pattern of sinter and ore
discharged onto the stockline of a blast furnace remains 
virtually unchanged as the burden descends to the 
cohesive zone. However the coke layer undergoes 
deformation when the ferrous layer is deposited on top of 
it. 3 » 9 -1 4 Gas introduced through the tuyeres of a 
blast furnace will flow upward through the descending 
burden and the path which the gas takes will be
determined by the permeability of the descending burden. 
In the cohesive zone the ore and sinter have become 
softened and are impermeable. The gas therefore flows 
through the solid coke layers (or windows). In the 
upper region of the stack where all the burden is still 
in a solid state, the gas flow distribution will depend 
on the permeability distribution of the burden. It is 
therefore the aim of blast furnace operators to achieve a
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burden distribution which will give the desired gas flow 
distribution.
Investigation into size segregation on the 
stockline of the blast furnace using a scale model of a 
blast furnace and Paul Wurth top has been previously 
carried out at the University of Wollongong.15 
However the investigation was done under static 
conditions only, using one chute angle and mainly 
concentrated on the segregation behaviour of sinter.
The need was seen to simulate real operating
conditions by introducing a countercurrent air flow
through a model blast furnace stockline consisting of
alternate layers of sinter and coke. Preliminary tests 
revealed that coke segregated in a different manner to 
sinter across the stockline yet gave a similar relative 
velocity profile. Relative velocity through a packed bed 
is governed by the permeability of the bed. When the 
packed bed consists of layers of materials of different 
permeability, such as sinter and coke, the mean particle 
size and permeability of the base layer will affect the 
air flow through the top layer. The whole system must be 
considered when calculating relative velocity. Therefore 
it was decided to study the individual segregation 
behaviour of the sinter and coke layers and the effect of 




Segregation may be defined as a process which 
produces separation or classification of particles and 
prevents a mixture from attaining a completely random 
state. It is generally believed that particle size is the 
most important factor in deciding segregation. Other 
particle properties which may affect segregation in 
certain conditions are particle density, angle of repose, 
internal friction of the particle, shape and geometry of 
the particle and moisture content of the particle. 
Density difference is comparitively unimportant because a 
more dense particle will not percolate through a bed of 
particles of the same size.
Segregation may occur in uniformly sized particles 
if the individual elements of the mixture have different 
angles of repose. The material with the steeper angle of 
repose tends to be concentrated in the centre of the heap 
whereas the material with the flatter angle becomes 
concentrated on the outside.8Mathfee16 suggested a 
theoretical model in which typical segregation would 
occur if the following conditions were satisfied;
tanalarge particle<tany<tanasmall particle [2.1] 
where y is the slope of the surface and a is the angle of 
repose of the particle. When this condition is satisfied,
4
the small particles remain stationary and the large 
particles accelerate down the slope.
The mechanism of segregation has been widely 
studied.5-8 Two types of segregation were first
identified by Brown.5 The first occurs in a packed 
bed due to vibration and the second occurs during flow 
down an inclined plane. When a small heap has been 
formed, further material poured onto the top of the heap 
rolls down the surface in which there are holes of the 
same order as the diameter of the bigger particles. Small 
particles drop into the voids,whereas larger particles 
continue to roll down to the lower part of the
surface.6 Rippie et al17 found that segregation
followed the first order rate law of:
ln(S-So) = kt [2.2]
where S = standard deviation of sample at time,t 
So = standard deviation at equilibrium 
k = rate constant
. They found that the rate constant (k) varied with 
the size and density of particles.
Drahun and Bridgwater7 classified the
particles into two categories;
(a) floaters- particles larger or lighter than the 
mainstream of material
(b) sinkers-particles smaller or heavier than the
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main stream. They suggested that free surface segregation
occurs by avalanching, interparticle percolation and
particle migration and proposed a first order
relationship for segregation. In their investigation with
tracer particles, Drahun and Bridgwater proposed that a
volume element of bulk material passing a given point(x)
will decrease linearly with distance down a slope and is
given by (1-x). There will be a deposition of tracer on
the slope material as a result of systematic escaping of
flux from the depositing material due to segregation and
the natural deposition of bulk. By mass balance of the
tracer on the slope material, the change in flux of
tracer c(l-x) is given by:
dc(1-x) c d(l-x)
----- - = Kc + —--  [2.3]
dx dx
where c is the concentration of tracers per unit volume 
of packing and K is a constant.
Equation [2.3] reduces to 
dc
(1-x)—  = K c [2.4]
dx
which on integration gives 
c 1-x
In—  = K In---  [2.5]
C o  1
where co is the concentration of tracer fed 
Since s = 1-x
c s
then 1—  =• -K In- [2.6]
co 1
They noted however, that the exponential curves 
obtained from this equation are limited to two 
dimensional models. Industrial situations, with three
THICKNESS, T OF SLIDING
STATIONARY
MATERIAL
ANGLE OF REPOSE, cc
CROSS-SECTION OF PILE
pig.X-X Horizontal shearing on the slope of a pile 
(after Johansen,1978)
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dimensional segregation, give catenary curves, showing an 
initial drop in particle size with time or radial 
position to a minimum value, then an increase to maximum.
Segregation by avalanching has been defined8 as 
the segregation mechanism by which there is an
interparticle motion,such as horizontal shearing, which 
occurs when a mixture slides in layers down the surface 
of a pile as illustrated in Fig.2.1. The fines sift into 
the stationary layer below and are left behind.
The phenomena of avalanching and landslides has 
been studied by many workers.18It has been proposed that 
avalanching occurs when there is an upset in equilibrium 
conditions about a sloping slab of material.
Zaruba and Mendl19 presented a mass movement 
factor as: ’’Shocks and Vibrations-Tremors produced by 
earthquakes, large scale explosions and machine
vibrations affect the equilibrium of slopes on account of 
the temporary changes of stress that are caused by
oscillations of different frequencies.....  in loose
sand shocks may disturb inter-granular bonds and thus 
decrease cohesion.”
A number of workers have applied the percolation 
mechanism of size segregation to their investigations 
into in-bin segregation.*»20 - 22 Generally, the faster 
or larger particles concentrated at the wall of the bin
t u
(ol Funnel - Flow lb) M ass - Flow
Fig.2.2 Bin flow characteristics
Fig.2.3 Discharge segregation results 
in a full size P.W. hopper 
(after Carmichael and Notman,1980)
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and the slower or smaller particles concentrated away 
from the wall.
In addition to the characteristic properties of 
the particulate solids, the degree of in-bin segregation 
also depends on the initial conditions imposed on the 
particles.e .g . geometry of hopper. Clague and Wright23 
found that cone filling of hoppers resulted in large 
particles collecting at the hopper walls and fines in the 
centre, while side filling resulted in a greater 
concentration of coarse particles collecting at the base 
of the hopper and fines at the top. Only even filling 
resulted in homogeneous dispersion of material.
Segregation also depends on the manner in which 
the material is discharged from the hopper. Two types of 
flow are generally recognised; viz. mass flow and core 
flow. See Fig.2.2.Segregation occurs more in core flow 
than in mass flow.
The Paul Wurth charging system is currently in use 
in some one hundred blast furnaces in various parts of 
the world. However, relatively few investigations into 
the segregation features of the P.W. hopper have been 
reported. Carmichael and Notman1 first reported 
discharge segregation results. Results are shown in 
Fig.2.3. Fukutake2, using a scale model of the complete 
charging system of Kawasaki Steel Corporation Chiba No.6 
blast furnace, obtained results in agreement with those








of Carmichael and Notman where there was in increase in 
the percentage of fines being discharged from the hopper 
first, then a decrease. The large particles displayed 
opposite discharge behaviour,with initial low percentage 
then an increase in percentage before a final decrease. 
In-bin measurements on a full scale P.W. system by 
Kajiwara3 showed a predominance of fines in the core of 
the hopper and a greater percentage of large particles at 
the wall.
From his studies of laboratory size Paul Wurth 
bins, Standish4 has correlated in-bin segregation results 
by the equation
C = Cok [2.7]
where C and Co are the size composition (wt.percent.)in 
the hopper and feed respectively and k is an 
experimentally obtained segregation constant.
Standish4, using a scale model of the P.W. charging 
system at No5 B.F. B.H.P. Steel, Slab and Plate 
Products, Port Kembla Division also found that the 
material discharged from the hopper according to the 
sequence; core flow, wall flow, scaffold flow, where the 
latter presents stagnant material at the hopper wall that 
discharges last. See Fig.2.4.
Overall, size segregation in the discharge stream 
from the hopper is a function of both in-bin segregation 
and hopper flow pattern.
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2.2 GAS FLOW IN PACKED BEDS
Fluid flow through uniform packed beds in series 
has been widely investigated. The outcome of this work is 
now well known. The Ergun equation of
AP 150LlU s m ( 1“G) 2 1.7 5 ( 1-G) pu s m 2
—  = ------------  + ---------------  [2.8]
L dp2 £ 3 dp £ 3
has been universally accepted.
The flow of gas through a packed bed depends on 
the permeability of that bed, permeability being 
defined24 as the ability of the bed to allow gas to flow 
through it at given conditions.
Under standard conditions and using the Ergun 
equation, the permeability of a uniform bed can be 
expressed as
/ e  3Q=const. dp ---  [2.9]
J 1-0
Standish24 noted that eqn.[2.9] is only valid 
for uniform beds in which the mean particle size and 
porosity are equal at every position in the bed. 
However,in practice both the particle size and the 
porosity vary with position in the bed. It is therefore 
necessary to use meari particle size and porosity of the 
relevant section of tlie bed.
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When ore and coke are discharged into a blast 
furnace, alternate layers with different properties are 
formed. In addition, size segregation during discharge 
onto the stockline creates a layer consisting of parallel 
beds of different sizes but of the same material. One may 
therefore regard the stack zone of a blast furnace as 
consisting of packed beds in series as well as in 
parallel.
A series bed may be represented by the concept of 
resistance in series and the resistance of each layer can 
be calculated by the application of the relevant part of 
the Ergun equation, for either laminar or turbulent flow. 
The total pressure drop, which is analogous to gas flow 
resistance, is then the sum of the individual pressures.
APt=APi+AP2+AP3 [2.10]
However when a bed of small particles is placed on 
top of a bed of large particles, the small particles 
penetrate into the voids between the large particles 
forming an interface region. The extent of penetration 
and saturation of the voids is dependent on the ratio of 
particle sizes involved.24
The total resistance of the bed then becomes the 
sum of the resistances Of the large particle layer, the 
interface layer and th§ small particle layer.
R t =Rl+Ri +Rs [2.11]
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Szekely25 also investigated the porosity of 
systems containing layers of different particles and 
found there exists a very marked local variation in 
porosity of interfacial regions.There is no interface 
formed when the smaller particles form the base layer.
If a parallel bed system, consisting of a shell of 
uniform size particles and a core of uniform particles of 
a different size, is considered to have an impermeable 
boundary between the shell and core, the system can be 
presented as a parallel resistance system.
1 1 1 1
— = —  + — + — ___ [2.12]
Rt Ri r 2 R 3
For any bed in parallel, the pressure drop is
equal for each bed but the flow rate in each bed depends 
on its bed parameters.e .g . permeability, voidage, 
porosity, particle size and cross-sectional area. From 
these parameters,the Ergun equation can be applied to 
determine the flow rate in each bed. However parallel 
beds do not normally have a barrier between each bed. The 
presence of regions of higher and lower porosities will 
affect the flow pattern through a system because the gas 
flow will follow the path of least resistance until a 
resistance balance is met.
Pressure drops and gas flow in parallel packed 
beds with two kinds of particles were theoretically and
12f
experimentally studied by Moriyama.26 He found gas flow 
behaviour in this bed arrangement cannot be interpreted 
by the theories for axial velocity only of the gas. It 
was found that the pressure drops lay somewhere between 
the values calculated theoretically • on parallel and 
series models of gas flow. The total flow rate of gas,Q, 
is divided into Qi and Q 2 through bedl and bed2 
respectively which in turn form a pressure difference to 
produce cross flow.
Moriyama showed that the parallel model always gives 
pressure drops greater than the series model . See Table 
2 . 1 .
Table 2.1 Resistance against gas flow corresponding to 
parallel, series and crossflow models 
(after Moriyama,1974)
Fig.2.5 Blast furnace cold model 
computed streamlines 
(after Poveromo,1975)
Fig.2.6 Predicted gas flow streamlines 
for a packed bed comprising 
uniform layers of different 
gas flow resistance 
(after Jenkins,1982)
F i g .  2 - 7  P r e d i c t e d  gos f l o w  s t r e a m  l i t r e s  
fo’r  a p a c k e d  bed Cfitrpr i c i n g  
rvon -  u n i fortr\ l a y e r s  of d i f f e r e n t
?as fldw resistanceafter Jenkins , 1982)
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Several investigators27“30 have presented 
results which clearly show gas flow streamlines through 
either parallel or series packed beds. Staneck and 
Szekely27 used a two dimensional model whereas 
several workers have studied gas flow in three 
dimensional models of the blast furnace.
Although the burden in a blast furnace is slowly 
descending , the bed may be considered as static if one 
is only concerned with the top of the burden. Poveromo et 
al28 investigated flow maldistribution in the iron 
blast furnace using a cold model.Their results, showing 
the effect of the relative sizes,shapes and void
fractions of materials in each burden layer and the
distribution of the layers on the fluid flow patterns, 
are shown in Fig.2.5. Jenkins29 analysed the flow of
gas within a packed bed using a two dimensional form of 
the Ergun equation with a variety of boundary conditions 
to simulate gas flow within regions of the ironmaking 
blast furnace,including the flow of gas through packed 
beds which contained layers of different permeability. 
Fig.2.6 shows the predicted gas flow streamlines for a 
packed bed comprised of uniform layers of different gas
flow resistance. Fig.2.7 shows predicted gas flow 
streamlines for a packed bed comprised of non-uniform 
layers of different gas flow resistance. Burgess30 
emphasised the importance of particle size and void 
fraction of the granular material in dictating the gas 
phase permeability when measuring pressure loss in
' DISTANCE IN VERTICAL DIRECTION (m)
Fig.2.8 Pressure drop difference 
for sinter layer, coke 
layer and interface 
(after Burgess,197.9)
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layered packed beds of blast furnace raw materials. 
Fig.2.8 shows the difference in pressure drop for sinter 
layer,coke layer and interface layer.
2.3 EFFECTS OF SEGREGATION IN THE BLAST FURNACE.
The efficiency of a blast furnace depends on a 
good gas-solid contact. In the blast furnace ore and coke 
are alternately charged at the top of the stack and hot 
air is blown in through tuyeres at the bottom of the 
furnace. The air reacts with the carbon in the coke to 
form carbon monoxide which in turn reacts with the iron 
oxide to produce iron and carbon dioxide. The economy of 
the blast furnace requires a positive control on the 
reactions taking place in the furnace from the centre to 
the periphereal area. In order to preserve the lining of 
the furnace, low gas flow is desired near the wall.
As previously stated, gas flow in a packed bed 
depends on the permeability of that bed and permeability 
depends on particle size and porosity.When feed material 
is charged onto the sloping stockline of a blast furnace, 
it undergoes a size segregation and the differing 
physical properties of the alternate layers of ore and 
coke will govern the permeability of the burden.
The material bbitig deposited onto the stockline 
has already experienced segregation in the hopper and 
during discharge from the hopper, so that the material
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falling onto the stockline will be different at any given 
time. Other variables such as single or multi-ring 
charging, stockline height, batch weight,type of feed and 
gas flow rate have prevented a general theoretical model 
for size segregation from being formulated. However,the 
various effects of segregation have been investigated in 
order to better understand the overall process.
The stockline contour or profile is determined by 
the radial position at which falling material meets the 
stock column and/or wall. By varying the height of fall 
in a blast furnace charging system, it is possible to 
generate an "M" or "V" shaped burden profile. In the case 
of "V" shaped profiles, size segregation due to rilling 
results in a central core of particles with a greater 
than average diameter. With an "M" shaped profile, there 
is a formation of a heap with a short slope extending 
from the ridge of the "M" to the wall and a longer slope 
extending from the ridge to the centre of the stockline. 
In this case, the larger particles are able to settle at 
both the peripheral and central positions.
The introduction of the bell-less top charging 
system in blast furnactes has enabled operators to have 
greater control over thfe profile of the stock column and 
hence theoretically, coHtfdl over the size segregation of
the burden material.
Fig.2.S Data based on Equation C2 .131 
(after Kondoh,198Q)
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Investigations carried out at Kawasaki Steel 
Corporation9»31*32 have shown that burden distribution 
was the main factor dominating the distribution of gas 
flow and furthermore the chemical reaction in the shaft 
of the blast furnace. Kondoh et al32 reported results 
for burden distribution with a Paul Wurth charging top. 
They compared particle size segregation in burden 
layers with the first order rate law proposed by 
Miwa3 3,viz.
Xn Xn o
log --  = log --  -k. L [2.13]
1- X n  1-Xno
where Xn=mass fraction of nth size particle in sample 
Xno=Xn at L equals 0 
k= constant
Eqn.[2.13] means that if a graph is plotted between 
log (Xn/l-Xn) versus L, for each size of particle, it 
should give a straight line relationship with a slope of 
-k. Kondoh et al obtained expected straight lines from 
their experimental model. See Fig.2.9. Experiments with 
layered charging by Kurihara et al9 showed that 
double ring charging for both ore and coke gave less size 
segregation and a flatter gas flow resistance
distribution than single or multi-ring charging. Their 
results are shown in Fig.2.10 and Fig.2.11. However
results of recent investigations by Bharadwaj15, 
where single ring charging gave a concentration of small
particles at the centre, did not match Miwa’s model or
the results of K.S.C. Bharadwaj concluded that the K.S.C. 
model may be correct for a particular set of conditions
Fig.2.10 Comparison of radial
distribution of ore size for 
various charging patterns 
(after Kurihara,1981)
Fig.2.,11 C omparison of radial
distribution of gas flow 




but that it is not a general model because the equation 
does not take into account the percolation of small 
particles near the point of impact on both slopes of an 
"M" shaped profile,i.e. towards the wall and towards the 
centre.
When ore is deposited on top of coke, the
permeability of the burden is decreased if the ore
particles are smaller than the coke particles. An 
interface is formed between the two layers and the 
presence of this interface greatly increases the gas flow 
resistance of the system. However, if the 0/C value is 
small, then the gas flow resistance may still be close to 
the resistance of the coke layer alone. On the other
hand, if the 0/C is large, then the permeability is low
and the gas flow resistance is high. The increase in 
resistance does not occur when large coke particles are 
deposited onto the sinter layer because an interface is 
not formed. The permeability of the coke layer remains 
unaltered.
Many workers3»9-14 have investigated the ore-to- 
coke layer thickness ratio in their work with bell-less 
top burden distribution. Investigations using a 
conductivity profile meter have revealed a deformation of 
the coke layer when the sinter layer is charged onto it. 
The phenomenon of the coke layer collapse was explained 
by the theory of soil mechanics and is shown pictorially 
in Fig.2.12. The coke layer collapse causes a change in
Fig.2. 12- Schematic diagram for the collapse of coke bed 
(after Okuno,1986)
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Fig.2.13 Comparison of the mean inclination 
a n g 1e of coke layer before and 
after ore charging 
(after Okuno,1986)
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the distribution of the ore to coke layer thickness in 
the radial direction. Okuno et al14 found that the 
extent of the central coke column formed by the coke 
layer deformation is mainly governed by the charging 
mode, gas flow rate and descending velocity distribution. 
They also investigated the changes in the inclination 
angle of the coke layer and the degree of coke movement 
caused by the coke layer collapse. It was confirmed that 
the scale of the coke layer collapse depended on the 
stability of the inclined coke layer. The formation of a 
coke column at the centre of the stockline increases the 
permeability of that section of the burden. When a high 
gas flow is required at the centre of the blast furnace 
burden, the high central permeability is a desired 
property of the ironmaking process.
The change in inclination angle of the coke layer 
before and after ore charging is shown in Fig.2.13. The 
scattering of points obtained with the coke 
investigations should be noted.
. Angle of repose is defined as the angle to the 
horizontal assumed by the free surface of a heap at rest 
and obtained under stated conditions. It is quite similar 
to the friction angle. The angle of repose is a function 
of the size of the particle, surface property of the 
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Fig. 2. 14- The effect of gas flow 
on the angle of repose 
(after K a j i w a r a ,1984)
Fig.2.15 Correlation between surface
angle of burden a n d w/?u2 of gas 
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F i g . 2.16 Force balance of particle at rest
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Kajiwara et al12 investigated the effect of 
gas flow on the angle of repose of a B.F. burden using a 
scale model. Their results, shown in Fig.2.14, indicate 
that gas flow has a significant effect on angle 
of repose. As the gas flow rate is increased,the angle of 
repose decreases. Results obtained by Kajiwara were in 
agreement with other workers.10»34 Nishio10 
presented his results for angle of repose as a function 
of the kinetic energy of gas(pu2). This method 
however,does not take into account the size of the burden 
material which differs across the stockline and also from 
ore layer to coke layer. The results shown in Fig.2.15 
therefore cannot compare the effects of gas flow on the 
angle of repose of the sinter layer and the coke layer.
It should be noted that although gas flow affects 
the angle of repose of a burden, size distribution should 
remain unaltered. At high angle of repose large particles 
are found at the base of the slope. By decreasing the 
slope, one would expect less migration of the large 
particles. In reality, this is not so because of a force 
balance around the system. When a particle is at rest on 
a heap, the forces acting on it are in equilibrium,as 
shown in Fig.2.16. When the angle of repose is changed 
to 0c2, as long as particles remain at rest, the forces 
about the system are still in equilibrium although now of 
a different value and size segregation of system2 will be 
























.2.17 Change in gas velocity
just after coke char g i n g  
(after Nishio,1980)
Fig.2.X8 Change in gas velocity 
just after ore charging 
(after Nishio,1980)




The important parameter of gas flow distribution 
through a blast furnace has been widely 
investigated.9"11»31»32 The previously mentioned 
variables of central coke column formation, size 
segregation and ore-to-coke layer thickness all affect 
the direction of the gas flow and determine the velocity 
profile of the burden.
As the ore layer is charged onto the stockline of 
the blast furnace, the gas velocity distribution is 
altered radially by the coke deformation and the cross 
flow of the gas to a path of less resistance. Nishio10 
showed how,when coke is deposited onto an ore layer,there 
is negligible change in gas velocity distribution, See 
Fig.2.17. But when ore is deposited onto the coke layer, 
the velocity at the centre of the stockline increases as 
the superficial velocity increases.See Fig.2.18. 
Narita11 presented a similar result which showed how 
the velocity at the centre of the stockline increased 
with progressive ore charging. Fig.2.19.
High gas velocity values at the centre of the 
stockline were confirmed by Kondoh32 who reported a 
pattern of high velocity at the centre and low velocity 
at the wall even for different charging patterns and 
operating conditions.Fig.2.20.
Pressure drop in a packed bed depends on the 
permeability of that bed. Eqn.[2.9] shows that
Fig.2.±3 Changes of gas velocity
distribution at ore charging 
(after Narita,1981)
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permeability depends on particle size and bed porosity. 
On the blast furnace stockline the particle size and 
porosity of a bed changes according to whether the upper 
layer of the burden is ore or coke. The interface region 
formed by ore penetration into the coke layer decreases 
the permeability of the burden. When pressure drop is 
measured across the burden, it is necessary to consider 
not just the upper layer, but the base layers as well. 
The pressure drop across an ore layer would be greater 
than the pressure drop across a coke layer of the same 
height. By the same token, if coke is the upper layer,the 
pressure drop through both the ore and coke layers would 
be lower than the pressure drop through a system where 
ore formed the upper layer. However, by considering both 
layers and possible interface region, the pressure drop 
across the layers when ore is the top layer would be 
lower than that through a sinter layer alone because of 
the underlying more permeable coke.
Standish and Wiltshire35 found that the pressure 
loss of layered ore and coke is sometimes higher than 
when the two are mixed and that this is governed by the 
double-layer thickness and the composition involved. It 
was also found that as a direct consequence of the 
interface resistance, the pressure loss of the ore on 
coke layers can be higher than that of the equivalent 
mixtures.He concluded that when it was not possible to 
have coke of a size about the same as that of the ore, 
then interface effects can be minimized by segregating
Fig.2.21 Comparison of pressure drop of moving
bed with that of fixed bed(after Shimizu et al39>
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the coke sizes in a coke layer in such a way that the 
interface-forming ore and coke particles are of similar 
size.
Pressure loss reduction by the use of similar 
sized particles was confirmed by Okuno et al36 who found 
that the radial size distribution of conventionally 
charged sinter is drastically narrowed by size segregated 
sinter charging. This reduces interfaces, increases the 
porosity of the bed and the increased gas permeability 
reduces the pressure drop across the sinter layer. 
Isoyama et al37 found that the separate charging of 
sinter segregated into coarse and fine particles helped 
to improve the gas permeability and decrease the coke 
rate of Muroran No.l blast furnace.
Investigations into the pressure drop across 
single phase moving beds were carried out by Amatatsu et 
al38. They showed that as particle size increased, 
pressure drop decreased and as the flow rate of air 
through the bed increased, the pressure drop increased 
for the same particle size. These investigations indicate 
that the pressure drop behaviour across a moving bed is 
similar to that of a static bed although pressure drop 
for a moving bed is less by a constant factor, as shown 
in Fig.2.21.
Investigations into the flow resistance of moving 


































Fig . 2 .22. Pressure drop across 
a moving interface 
(after Standish,1980)
Dittane» Travelled (cm)
Fig.2.2.5 Effect of size ratio of 
layers on pressure drop 
(after Standish,1980)
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Monaghan40. They reported that the pressure drop across a 
moving interface is higher than that across a static 
interface, and that interface penetration is proportional 
to the descent distance and inversely proportional to the 
descent rate. See Fig.2.22. Standish and Monaghan also 
showed that the larger the size ratio of the layers, the 
higher is the initial pressure drop which is then lowered 
due to mixing with distance travelled. See Fig.2.23.
2.4 MINIMUM FLUIDIZATION VELOCITY
As the flow rate through a packed bed is
increased, a point is reached where the frictional drag 
forces are enough to overcome the gravitational forces 
exerted on the bed.At this point the bed expands, 
increasing porosity and the individual particles move 
under the influence of the passing gas adjusting their 
position to offer as little resistance to flow as 
possible. The minium fluidization point occurs when the 
pressure drop due to flow balances the bed weight.
By taking net downward force as 
Fg = -(jds-p ) A . L (l-C)g [2.14]
where A = cross-sectional area of bed 
L = length of bed
and the upward force as
(150/Nre+1.75)fihuam 2(l-e)A
Fd = ---- 1----------------------  [2.15]
dp e 3
since at incipient fluidization, Fd = Fg
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(ps-p)g=------------  + ----------  [2.16]
dp2 £ 3 dp G 3
where superficial velocity (uSm) is replaced by minimum 
fluidization velocity (umf)
once £ is known, umf can be determined by solving 
eqn. [2.16].
2.5 TERMINAL VELOCITY
As a particle falls unhindered in a gravitational 
field, its velocity increases and will continue to do so 
until the accelerating and resisting forces are 
equal.When this point is reached, the particle velocity 
remains constant during the remainder of its fall unless 
the balance of forces is upset.
At terminal velocity the upward drag force on a 
sphere is given by:
C d IT p u dp2
• Fd = --------------  [2.17]
8
The downward force is
IT dp3 g
Fg = (jog-p)---------  [2.18]
6
Equating eqn. [2.17] and eqn. [2.18] gives
3 C d put 2
p s - p [2.19]
4 dp g
When Reynolds number is less than 1.0, Stokes law applies 
and C d = 24/n re holds. So then;
' (ps-p)g dp2
u t = ------------  [2.20]
' 18 u
When Reynolds number is between 500 and 200,000 then
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3dp(p s - f i ) g 1/2
Ut = ----------  [ 2.21]
P
In an ideal situation, the simple vertical flow of 
a single particle in one dimensional flow is considered. 
In usual operational cases, many particles are present 
and the surrounding particles interfere with the motion 
of the other individual particles. The influence of the 
neighbouring particles affects the velocity gradients 
surrounding each particle. For this hindered flow, the 
terminal velocity would be less than that calculated from 
the ideal situation. The mechanism of hindered fall of 
the particle differs from unhindered fall in that the 
particle is settling through a suspension of particles in 
a fluid rather than through the fluid alone.
In effect the fluid surrounding the particle may 
be regarded as a slurry and the density of the fluid 
phase becomes the bulk density of the slurry, which is 
the quotient of total mass of liquid plus solid divided 
by the total volume. The viscosity of the slurry becomes 
considerably higher than of the fluid because of the 
interfaces of boundary layers around interacting 
particles and because of the increase in form drag caused 
by the solid particles. A correlation factor (R1) 
incorporating both viscosity and density effects can be 
derived for any given slurry, allowing the use of 
eqn.[2.22] based on eqn.[2.20] where:
(ps-p)g dp2
VH = -----------  R 1 [2.22]
18 U







Fi g . 2.24 Velocity fluctuations in turbulent flow
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In addition to the hindered fall of particles in 
industrial situations, the complexity of the system is 
compounded by the fluctuations of the fluid velocity when 
the fluid is in turbulent flow. In turbulent flow the 
velocity at a point varies chaotically with time in 
magnitude and direction so that there is no such thing as 
steady state in turbulent flow. However, mean velocity in 
the x direction may be defined by:
Ux = 1/t Uxdt [2.23]
where ux is the instantaneous velocity, a function of 
time(t). Since the frequency of the velocity fluctuation 
is large, t need only be a few seconds.
Similar definitions can be written for the other 
velocity components and for the pressure. A typical graph 
of Ux versus t is shown in Fig.2.24.
Fig.3.1 Photograph of P.W. hopper and top





The experimental apparatus consisted of a 1/17th 
scale model of the stack of No.5 Blast Furnace, B.H.P. 
Steel,Slab and Plate Products, Port Kembla Division, 
complete with a model P.W. bell-less top and P.W. hopper. 
A photograph of the hopper and top is shown in Fig.3.1 
and a line diagram in Fig.3.2. The chute on the Paul 
Wurth top was rotated by means of a horizontally rotating 
disc, effected by a friction wheel in contact with the 
disc. The speed of rotation was controlled by a variable 
speed motor and a gear box. Adjustment of the chute angle 
was made with a subsidiary, free moving disc around the 
bottom of the funnel on the P.W. top. The disc was 
attached to a bifuricating fork. The top of the fork was 
attached to a cord passing around a fixed pulley and onto 
a cylindrical rewinder. The rewinder was provided with an 
indicator, responding to the disc, marked on a 360° 
basis. When the scale was altered, the fork raised or 
lowered the disc which in turn changed the angle of the 
chute. The angle of the chute could be altered by half 
degree increments by this mechanism.
A calibrated scale was adhered to the front of the 
charging funnel and a metal strip was fixed to a 
vertically moving disc. When the disc was moved, the 
metal strip moved accordingly, thus giving an instant
Variable Power\ 
Motor











F i g . 3.3 Schematic diagram of the l/17th scale model 
of blast furnace
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reading of the chute angle. A line diagram of the 
apparatus is shown in Fig.3.3.
The stack consisted of a perspex cylinder 50cm
I.D. and 150cm high, with a perforated inner base. The 
base was attached to a threaded metal rod which passed 
through a wooden support frame and was fixed in the 
centre of a gear wheel rotated by a chain drive. The 
chain drive was connected to a motor via a gear box. 
Using this gear mechanism, the inner base of the model 
could be raised or lowered at a rate of 0.5cm/min.
A 32cm ballast of polystyrene foam beads, to 
ensure even air distribution, was placed on the inner 
base and held in place by a wire mesh screen. The screen 
was slightly inverted conical in shape to ensure the base 
layer of material had the desired * V* shape profile. Air 
was supplied to the outer base of the model by a ’Rootes’ 
positive displacement air blower with a capacity of 
600m3/hr. at 14kPa. A 15.5cm diameter rubber hose 
leading from the blower outlet was divided into four 
smaller inlet hoses which were connected at equidistances 
to the base of the model.
3.1.2 Manometers.
A bank of four 
outer edge of the frame
water manometers was fixed to an 
of the model. Pressure taps were
placed in the following positions; one above the
/\ /\ /V A A A
2 1 3 4“ 5 atmosphere
O' o  o
a. ; j4-
3.3 0 rr)cr\
Ä.3 0 rr\ nr\
11 0 fy\ m
Fig.3.4 Position of pressure taps
Fig.3.5 Photograph of thermistors in position above burden
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stockline, two at equal heights in the base layer of the 
burden,one in the bead ballast and one between the inner 
and outer bases.The positions of the pressure taps are 
shown in Fig.3.4.
3.1.3 Thermistors.
Miniature bead thermistors (Negative Temperature 
Coefficient,RS151-142) were used to measure the air flow 
above the burden. Four thermistors were set 5cm apart on 
a 35cm length metal rod. Single thermistors were placed 
on the end of two 40cm rods. The metal probes were 
inserted through the wall of the model and suspended 
parallel to the burden at a height of 10cm above the 
profile. This distance allowed the test material to be 
deposited without the themistors being covered. The 
single thermistors were positioned over the centre of the 
stockline, one 4.5cm above the other. The set of four 
thermistors was positioned so that they were from 5cm to 
20cm from the wall of the model. The thermistor 
arrangement is shown in Fig.3.5.
The probes were attached to a BBC microcomputer as 
shown in Fig.3.6. The temperature of the air flow past 
the thermistors was registered as an analogue signal and 
converted to a digital signal by a data logger. The 
digital signal was recorded by the computer and graphic 
results of millivolt/time were obtained. The results were 
converted to velocity of air past each thermistor by 
calibration of the thermistors.
I______________________________________________________________________________________- - - i
Fig.3.6 Schematic diagram of thermistor-computer circuit




*Analysensieb DIN 418 ISO-150-1972’ standard
sieves were used in the investigation. They were of the 
following apertures:- 8.0mm, 6.3mm, 4.0mm, 3.15mm, 2.5mm, 
2.0mm, 1. Omm, 0.5mm.
3.2.2 Sieve Shaker
The sieve shaker used in the investigation was a 
Haver & Boecker EML; 230volt, 50hz, 9amp, Fabr. No.7254 
1978.
3.2.3 Weighing Balance
The digital balance used was a Mettler PC16; 
240volt,50hz, weight range 0.1g-16.0Kg.
3.2.4 Sampling Tubes
The sampling tubes were hollow metal cylinders, 
15.0cm x 4.0cm. The tubes were held equidistant apart by 
a wooden plate containing 4.25cm diameter holes through 
which the tubes could slide. A photograph of the sampling 
tubes in position is showfr in Fig.3.7.
Fig 3.8 Schematic diagram of vacuum sampling unit
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3.2.5 Vacuum Sampler
A line diagram of the sampling unit is shown in 
Fig.3.8. The unit was based on the principle of vacuum 
suction and consisted of a vacuum pump, a perspex 
cylinder and connecting rubber hoses.
3.2.6. Mechanical Profile Meter
The apparatus used to measure the surface profile 
of each layer was a wooden rule to one end of which was 
attached a plumbob by means of a nylon line. A metal 
slide which ran the length of the rule changed the radial 
position of the plumbob. A second weighted slide was used 
to raise or lower the vertical position of the plumbob.
3.2.7.Conductivity Profile Meter
A conductivity meter was used to measure the 
deformed coke profile. It consisted of two metal 
rods,44cm in length, which were connected to the 
terminals of a 9volt battery by an insulated wire with 
one rod on each terminal. A small light globe was




The flow rates of sinter and coke from the P.W. 
hopper were measured for different apertures of the 
sliding gate on the hopper outlet chute. A discharge time 
of 60 seconds was required to give the correct number of 
revolutions of the P.W. top during charging of the test 
materials,i.e . 12RPM. When the hopper outlet aperture was 
1.6cm for sinter and 2.1cm for coke, the respective flow 
rates of 233g/s and 67g/s were such that discharge was 
completed in 60seconds. The large size coke particles 
occasionally clogged the outlet chute and required
tapping on the chute to maintain smooth flow.Calibration 















These figures were used a 
calibrations.






a guide in the present
3.3.2 Thermistors
To calibrate the temperature sensitive 
thermistors, an A10 rotameter (5-501/min) was connected 
to a supply of pure nitrogen. An 0.8cmI.D. hose was 
attached to the outlet of the rotameter. Over a range of 
known gas flow rates,each thermistor was subjected to the 
gas flow through the hose and the temperature drop signal 
was recorded by a BBC computer. The procedure was 
repeated four times for each thermistor. From the data 
recorded by the computer, graphs of mV/velocity were 
plotted for each thermistor and used as a reference for 




The air blower was calibrated by using an inclined 
manometer and a pitot tube. The large air hose connecting 
the model to the air blower was removed from the blower 
outlet. The pitot tube was placed in the centre of the 
outlet and readings were taken from the inclined 
manometer for different air flow rates obtained by 
altering the aperture of a second outlet on the blower. 
A sliding perspex gate covering the second aperture was 
graduated in 1.0cm divisions. The flow rates for the 
apertures of 16cm to 8cm were measured.
The air flow rate was determined by use of the equations
AP=Ah/)g [3.1]
where Ah=adjusted manometer reading 




2 ( —  ) 
P
[3.2]
where />=density of air
Q=uA [3.3]
where A=cross-sectional area of blower outlet.
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3.4 MATERIALS
The raw materials of sinter and coke were 
obtained from B.H.P.,Port Kembla. Taking sizes of 
materials used in prior investigations into size 
segregation at this university15 as a guide, it was 
decided to use particle sizes for sinter and coke which 
would enable easy separation of the two materials. The 
sizes were as follows:
Sinter -2.5+2.Omm, -2.0+1.0mm, -1.0+0.5mm.
Coke -8.0+6.3mm, -6.3+4.Omm, -4.0+3.15mm.
The total weight of material to be used as the 
hopper feed was determined from the volume of the test 
layer. It was desirable to have a layer of at least 10 
particle diameters depth(5cm) to ensure fully developed 
fluid flow and diminish wall effects.
The cross-sectional area of the layer was 
TT( 0.25 ) 2m =0.196m2
The volume of the layer was
Taking p b of sinter=2.Og/cc 
Weight of sinter for each layer 
Taking p b of coke =0.52g/cc 
Weight of coke for each layer 






In industry, the weight ratios of large, medium 
and small sizes of sinter used is approximately 15:60:25. 
The ratio of coke sizes is 25:60:15. These ratios were 
used in this investigation. Therefore the weight of 













The raw material from the stock bins was 
separated into required sizes using the appropriate 
sieves on the multisieve shaker. Material outside the 
range of sizes required was discarded and the test 
material was stored in separately marked bins.
Five air flow rates were used in this 
investigation. The air flow rates were 0.197m3/s, 
0.246m3/s, 0.290m3/s, 0.344m3/s and 0.372m3/s. Repeat 
tests were carried out using air flow rates of 0.246m3/s 
and 0.290m3/s.
37
Harmonic mean size results deviated by up to 12%. 
Point velocity results deviated from the original results 
by 5-78%, indicating that very small changes in the 
composition of the bed, above which the point velocities 
are determined, can give considerable deviation of 
results.
The basic procedure in filling the P.W. hopper was 
to weigh out the required amount of each size of material 
separately. The three sizes were then mixed by pouring a 
random amount of each size into a fourth container. Some 
of this material was then poured back into the original 
containers and the procedure was repeated three times. 
The material in each of the containers was then 
transferred to one container and centrally poured into 
the hopper, the chute aperture of which had been adjusted 
to give the correct flow rate, depending in whether 
sinter or coke was to be discharged. The hopper was then 
hoisted on top of the P.W. top by means of a three pulley 
crane device.
So that the height of fall of the test material 
would be constant, a level was marked on the wall of the 
model 32cm from the top and 32cm from the inner base when 
it was at its maximum height. With the stockline at this 
level, the material being discharged from the hopper had 
a point of impact adjacent to the wall. For all runs of 
both sinter and coke, the initial impact point was kept 
at "zero" by lowering the inner base after each charging 
by the depth of the just-deposited layer.
The operating parameters for the P.W. top are
shown in Table 3.2.
TABLE 3.2
SINTER COKE
hopper gate 1.6cm 2.1cm
aperture
chute RPM 12 12
chute angle to
the horizontal
1st ring 45° 47°
2nd ring 41.5° 45°
3rd ring 38.5° 41.5°
With the inner base at its maximum level, a base 
sinter layer was discharged from the hopper with zero air 
flow. After four and eight revolutions of the chute, the 
angle of the chute was changed. At the completion of 
charging of the base sinter layer, the hopper and P.W. 
top were removed. The profile of the sinter layer was 
measured by placing the mechanical profile meter across 
the diameter of the top of the model. The radial position 
of the plumbob was set at the wall. The plumbob was 
gradually lowered until it just touched the surface of 
the test layer. The height above the base level was read 
from the graduated rule. The plumbob was then moved 
radially towards the centre at intervals of 2cm and the 
profile height read at each position.
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A base layer of coke and a second base layer of 
sinter were deposited in the same manner. However, the 
charging was now done with a countercurrent air flow by 
turning on the air blower before opening the hopper gate. 
Tha air supply was turned off at completion of charging. 
The profile of each layer was measured before further 
layers were charged.
Having lowered the stockline to the "zero" level, 
the test coke layer was now ready to be discharged. 
Before the hopper was discharged the three thermistor 
probes were set in place and connected to the computer. 
Data logging was commenced on the computer before the air 
supply was turned on. With the air flowing, the manometer 
readings were taken and then the coke was discharged from 
the hopper at the appropriate flow rate, chute angle and 
chute R.P.M. When the hopper was completely discharged, 
manometer readings were again taken, data logging was 
stopped and the air supply was turned off. After the 
hopper and P.W. top had been removed, profile readings 
were taken of the coke layer.
After the profiles had been read, the wooden plate 
holding the sampling tubes was placed in position over 
the sampling area along one radius with one end of the 
plate abutting the wall of the model. The sampling tubes 
were lowered simultaneously into the test layer and 
gently rotated until they were firmly in position. The 
wooden plate was removed and the tubes were further
40
rotated until they were embedded into the underlying 
layer.
With the vacuum pump operating, the end of the 
suction hose was carefully lowered into the sampling tube 
and the test material was sucked into the perspex 
cylinder. The vacuuming continued until the underlying 
layer was visible to ensure the complete sample had been 
taken. After the pump was turned off a rubber stopper 
was extracted from the bottom of the sampling container 
and the test sample was collected in a receptacle. The 
empty sampling tube was refilled with medium size 
material to prevent movement of material from the 
surrounding area and the process was repeated for each 
sampling tube. The samples extracted by this method were 
then separately sieved on the multisieve shaker at a 
vibration amplitude of 4 for four minutes. The low 
vibration level was selected to diminish the amount of 
abrasion of the brittle coke particles. The weight of 
each size material at each sampling point was used 
to determine the harmonic mean size(H.M.S.) 
distribution across the radius.
The next step in the procedure was to replace the 
P.W. top, charge the hopper with the test sinter and 
repeat the process of charging against air flow.
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After the test sinter had been fully discharged 
form the hopper and the P.W. top removed, the profile of 
the sinter was measured. Then the conductivity meter was 
used to remeasure the profile of the underlying coke 
layer which had been deformed by the depositing of the
sinter layer on it. This was done in the following
manner. The rod with the signal bulb attached was
inserted in the burden until it was embedded in the
underlying coke layer. The second rod was inserted into 
the burden at 2cm intervals across the radius of the 
stockline. When the coke layer was reached, the light 
bulb on the stationary rod was illuminated. The free rod 
was removed and the length of it which had been immersed 
was measured to give the depth of the sinter layer at 
that point.
The accuracy of the conductivity profile meter was 
checked with a two-dimensional model of even layers of 
coke and sinter of a known depth. It was found that the 
light did not signal until the free rod was approximately 
0.5cm into the coke layer. This indicated the presence of 
a coke-sinter interface and the reading obtained was for
a hard coke layer only.
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After both profile measurements were completed, 
samples of the test sinter layer were taken in the same 
manner as the coke samples. The material was size 
separated at vibration amplitude of 6 which had 
previously shown to give optimum results.38
The data were retrieved from the computer in the 
form of mV/time graphs and analysed for air velocity at 
each thermistor position.
At the completion of analysis, the model was 
emptied of sinter and coke, which were separated and 
sized by sieving before being returned to the feed bins. 
The inner base was raised to the maximum level and the 
complete procedure was repeated for the next air flow 
rate.
A video film of the charging of sinter was taken 
during an air flow run to view the avalanching phenomenon 
of the sinter. Unfortunately the resolution of the film 
was not of good enough quality to reproduce still 
photographs for inclusion in this thesis.
3.5.2 Zero air flow
Further investigations were carried out on a 
burden deposited with no counter current air flow so that 
a comparison with air flow results could be made. The 
experimental parameters and procedure were basically the
43
same as the air flow runs except that the thermistors 
were not used and no manometer readings were taken.
3.5.3 Three ring analysis
To understand the order of layer construction, a 
separate test was carried out. Using the same manner of 
hopper discharge, the hopper chute aperture was closed 
after the first ring,i.e. after four revolutions of the 
chute. The hopper was carefully moved aside and the P.W. 
top removed. The profile of the test layer was measured 
and samples taken from one radius. The top and hopper 
were replaced and the discharge was continued for another 
four revolutions at the second angle(second ring). The 
hopper and top were again removed and profile readings 
and samples taken.The profile was measured at the same 
radius but the samples were taken from a second radius. 
These samples were therefore a cumulative mixture of 
first and second ring discharge. The top and hopper were 
once again replaced and the final discharge of the third 














Fig.4.1 Coke and sinter profiles at zero air flow
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4.0 RESULTS AND DISCUSSION
4.1 PROFILES OF COKE AND SINTER
4.1.1 General profile
When the test material was charged onto the 
stockline of the model a non-symmetrical profile was 
formed. Fig.4.1 shows coke and sinter profiles at zero 
air flow. At the initial chute angle used, the material 
was deposited near the wall of the model forming a ridge 
of about 5cm width. When the chute angle was increased, 
the point of impact was 5cm from the wall and a heap 
began to form. Because of the proximity of the wall, the 
heap was formed with one short slope and the other slope 
extending to the centre of the stockline.
As the air flow through the model was 
increased,the level of the materials in the centre of the 
test bed increased, giving a flatter profile. It is,of 
course, impossible to obtain identical profiles of the 
underlying base layers for the different air flow 
conditions investigated.However, a general trend of the 
effect of air flow through each test layer can be 
obtained by comparing the profiles of the test coke and 













Fig.4.2 Effect of air flow on coke profile
Fig.4.3 Effect of air flow on sinter profile
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The effect of air flow on the test coke layer at
the maximum flow rate used is shown in Fig.4. 2. Fig.4.2
shows that with the air flow, the length of the ridge
which formed near the wall during discharge of the burden
was increased and the angle of the main slope was
decreased. These effects were also observed at other air
flow rates.
By comparison with coke, the air flow effects on
the main slope of the sinter were less
pronounced.(Fig.4.3) The length and slope of the ridge
near the wall were increased (Fig.4.4) but to a lesser 
extent than that of the coke profile. The sinter layer 
had a greater resistance to air flow than the coke layer 
and was therefore less prone to be disturbed by the 
increasing air flow rate.
During the charging of the test sinter burden, an 
avalanching of material down the profile of the stockline 
was observed. Avalanching has been defined as a 
horizontal shearing of a layer of material several 
particles in depth, causing the layer to slide down the 
surface of the heap. The thickness of the layer 
avalanching increases with the number of particle layers 
being discharged from a conveyor or hopper until a 
limited number of particle layers involved in the














Fig.4.4.Effect of air flow on sinter ridge
46
A contributing factor to avalanching may be 
oscillations through a layer of material.19The graphs 
produced by the computer during air flow show these 
oscillations clearly. (Refer to Section4.3.1)
The avalanching effect of the sinter increased 
with increased flow rate. The avalanching phenomenon may 
also be explained by the fact that increased air flow 
through the base coke layer of higher permeability 
decreased inter-particle friction of the sinter. With 
continued air flow, the buoyant sinter layer experienced 
the horizontal shearing as mentioned previously and a 
slice of the sinter layer then slid down the surface of 
the stockline.
Since coke particles are more irregularly shaped 
and have a higher coefficient of friction, avalanching 
did not occur when the test coke layer was charged.
A more accurate method of studying the effect of 
air flow on the profile of sinter and coke was found to 
be the angles of repose for coke and sinter at increasing 
air flow rates (section 4.1.3).
4.1.2 Deformation of the coke profile
When sinter was deposited onto the layer of coke, 
there was a deformation of the coke layer. Throughout all 
test runs, from zero air flow up to the maximum air flow
Fig.4.5 Effect of air flow on coke deformation -
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rate used, the deformation of the coke layer followed a 
similar pattern. The extent of the deformation is 
illustrated in Fig.4.5 for zero air flow and for the air 
flow rate of 0.37m3/s. At zero air flow conditions there 
was negligible deformation but at the maximum air flow 
rate, the profile of the coke at the centre of the layer 
was raised by approximately 30% (3cm).
A possible explanation for the coke deformation is 
that with a high air flow rate through the base coke 
layer, the coke particles become more buoyant. As the 
sinter is deposited on top of the coke, there is a cross 
flow of the air towards that part of the layer which has 
not yet been covered with the sinter. The resultant 
velocity through the centre of the column is high and 
there is a corresponding decrease in pressure in that 
area. The forces acting on the buoyant coke particles are 
then able to push the coke particles towards the centre. 
The migration of the coke particles towards the centre 
would be assisted by the shearing force of the 
avalanching sinter.
The coke layer deformation results of this
investigation are in line with the results of other
investigators. Okuno 1 3 regarded the coke layer
collapse as a phenomenon which arises from the formation 
of a slip surface in the coke layer, shown in Fig.2.12. 
Nishio10 showed how, as the ore layer was being 
formed,there was a crossflow of air through the base coke
Fig.4.6 Effect of air flow on angle of repose at mid radius 
sinter profile
Fig.4.7 Angle of repose at mid radius sinter profile as a 
function of normalised superficial velocity
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layer. Narita11 presented the influence of the 
central coke column on the gas flow in the blast furnace. 
Kajiwara12 showed how, when the coke layer was 
deformed, a mixed layer of sinter and coke was formed at 
the centre of the profile.
Although these investigators each presented 
different aspects of coke deformation, it is most likely 
that each factor contributes to the overall segregation 
behaviour of sinter and coke on the stockline of the 
blast furnace.
4.1.3 Angle of renose at mid-radius 
4.1.3.1. Sinter
The effect of air flow on the angle of repose of 
sinter at mid-radius is shown in Fig.4.6. It can be seen 
that with zero air flow the angle of repose of sinter was
35.4 Q and at maximum superficial velocity of 1.90m/s, the 
angle of repose was 25.9°. The decrease in angle of 
repose with increased air flow may be explained by the 
deformation of the underlying coke layer.(sect.4.1.2) The 
subsequent formation of a central coke column lifts the 
sinter layer at the centre and gives the sinter a flatter 
profile.
It will be shown in section 4.2 that at mid-radius
the H.M.S. of the sinter particles is minimum. During the
49
avalanching of the sinter layer(sect.4.1.1), the small 
particles of sinter being deposited onto the surface sink 
into the voids of the bed and are not transported towards 
the centre of the stockline.7>8Therefore there is a 
greater percentage of fines at mid-radius of the sinter 
layer than at the centre. It is generally accepted that a 
decrease of fine particles decreases the angle of repose 
of a mixture.8At increased air flow rates the 
avalanching effect of the sinter increases and it is 
probable that the amount of small particles trickling 
into the static section of the sinter layer decreases 
because the particles do not have enough time to 
completely penetrate the layer before it begins to slide. 
However, at the same time the percentage of large 
particles at the centre increases, decreasing the slope 
of the sinter profile from which the angle of repose is 
calculated.
The angle of repose for sinter as a function of 
normalised superficial velocity(u sm/umf) is shown in 
Fig.4.7. It can be seen that as the usm/umf increases, 
the angle of repose of sinter decreases, particularly at 
the maximum superficial velocity.
The relative superficial velocity is the ratio of 
superficial air velocity through the model to the minimum 
fluidization velocity of the mean size of material. The 
Reynolds numbers for the sinter and coke particles over 
the range of air flow rates used in this investigation
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were between 100 and 1000. Therefore to calculate minimum 
fluidization velocity, the complete Ergun equation had to 
be used. However by using the standard equation of:
AP 15O(l-0)2 UUmf 1.75(1-0)pumf 2
—  = ---------------------------------  + ----------------------------------  [ 2 . 8 ]
l dp 2 e 3 dpe 3
the calculated values of Umf were lower than the 
superficial velocities used in the investigation. 
Theoretically, this would cause fluidization. However, 
since fluidization was never observed in any of the runs 
in this investigation, it must be concluded that the 
standard Ergun equation cannot be applied to beds
simulating blast furnace burden layers. It was therefore 
decided to use the amended form of the Ergun equation 
presented by Nagai for blast furnace conditions13 to 
calculate the minimum fluidization velocities of the test 
coke and sinter particles used in this investigation, 
where:
AP W 450(1-e)2 Uumf
—  = “ =( 1 - e )  ( p s - p g ) g r ----------------  + -------
L A dp 1 • 16 e 3 dp 0 • 9 6 e 3
for coke [4.1]
and = 260(l-e)2 Uumf 1.2(1-G)pumf 2
-----------------  + ----------------
dp1•16 £ 3 dp0•6 £ 3
for sinter [4.2]
Fig. 4. 8 Normalised angle pf repose as a function of 
normalised superficial velocity
Fig.4.9 Effect of air flow on angle of repose at 
mid radius coke profile
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The minimum fluidization velocities calculated from these 
equations were in agreement with experimental behaviour 
where no fluidization was observed.
Kajiwara12 presented normalised angle of 
repose as a function of normalised superficial velocity, 
as shown in Fig.2.14. Results for the normalised angle of 
repose against normalised velocity for the present 
investigation are shown in Fig.4.8. The results show that 
sinter, with a high minimum fluidization velocity, 
decreased in angle of repose with increasing normalised 
velocity. Although the superficial velocities were well 
below the minimum fluidization velocity, the sinter 
results are in line with the results presented by 
Kaj iwara.12
It should be noted that Kajiwara used 










Jig ‘'3 -33.7 [4.3]
Minimum fluidization velocity values calculated by this 
formula for the materials used in this investigation did 
not agree with experimental behaviour and it was felt 











Fig.4.10 Angle of repose of sinter and coke as a function 
of kinetic energy of gas
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4.1.3.2.Coke
Inspection of Fig.4.9 shows an irregular pattern 
for the angle of repose of coke as a function of 
superficial velocity. The angle of repose of coke at zero 
air flow was 34.6° and at maximum velocity it was 39.6°. 
However at flow rates less than maximum, the angles of 
repose did not follow a set pattern. The relatively large 
coke particle size would tend to distort true profile 
readings but the regression analysis used to calculate 
angles of repose allows for this variation.
The irregular pattern of the angles of repose for 
the coke layer may be explained by considering the 
kinetic energy relationship between sinter and coke. 
Nishio10 presented a correlation between angle of
repose and kinetic energy of the countercurrent 
gas{l / 2 f i u 2). (Fig.2.17) This method does not 
take into account particle size. For a sinter and coke 
particle of the same size, the downward force of the coke 
particle counteracting against the kinetic energy of the 
upflowing gas is less than that of the sinter by a factor 
of four, since the density of coke is approximately one 
quarter the density of sinter. With this in mind, if the 
angle of repose is plotted against the kinetic energy of 
the gas(l/2mu2) required to lift a sinter or coke 
particle of the same size to that angle, then Fig. 4.10 
clearly shows that the kinetic energy range of gas 
flowing against coke is far greater than that for
Fig.4.11 Effect of air flow dn angle of repose near the wall 
of sinter profile
Fig.4.12 Effect of air flow on angle of repose near the wall 
of coke profile
53
sinter for the same angle of repose. This explains why 
the plotted angles of repose for coke at mid-radius 
(Fig.4.9) appear to be irregular where in fact they are 
only covering a small section of an overall range.
4.1.4 Angle of repose at wall
4.1.4.1 Sinter
With increased air flow, the angle of repose of 
the wall side slope of the sinter profile generally 
increased. Fig.4.11 shows that at zero air flow the angle 
of repose was 12.7° and at maximum velocity the angle of 
repose was 24.2°. In comparison, at zero air flow the 
angle of repose at mid-radius was 35.4° which was three 
times greater than the angle of repose at the wall. This 
difference may be explained by the fact that there were 
comparitively more large particles at the wall than at 
mid-radius, as shown in Fig.4.21. It is known from theory 
that the angle of repose of small particles is greater 
than the angle of repose of large particles. However this 
difference is usually only of the order of 5-8°. 
Obviously then, the presence of "the wall also contributed 
to the smaller angle of repose of the wall slope. It is 
most likely that friction forces acting at the wall 
lifted the particles adjacent to it and produced a 
flatter profile.
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A probable explanation for the increase in the 
angle of repose of the wall side sinter slope with 
air flow is the effect of air flow on the underlying coke 
profile. As seen in Fig.4.2, the length and slope of the 
coke profile from wall to 5cm position were increased. 
Accordingly, when the test sinter was charged onto the 
coke base,the slope of the sinter profile from wall to 
5cm position was governed by the profile of the 
underlying coke onto which the sinter was deposited. 
Although the wall side coke slope was deformed with 
increased air flow, the effect was minimal compared to 
the deformation which took place on the main slope. 
Therefore the sinter profile was not raised at the bottom 
of the heap near the wall as it was at the bottom of the 
long slope.
4.1.4.2 Coke
The coke profile from wall to 5cm position 
initially increased with increased air flow but at higher 
flow rates, the angle of repose decreased. Fig.4.12 shows 
that at zero air flow the angle of repose was 5.6°, 
compared to 34.6° at mid-radius. Maximum angle of repose 
of 25.3° occurred at the velocity of 1.48m/s and at 
maximum velocity of 1.90m/s the angle of repose of the 
wall side coke slope was 14.0°.
These results confirm the fact that increased air 
flow increased the slope of the wall side coke profile
Fig.4.13 Effect of air flow on mean angle of repose 
at centre of sinter profile
Fig.4.14 Effect of air flow on mean angle of repose 
at centre of coke profile
55
even though maximum slope was obtained on the 1.48m/s 
velocity test run.
4.1.5. Angle of repose at centre profile(sinter and coke)
As can be seen in Fig.4.13 for sinter and 
Fig.4.14 for coke, the mean angles of repose across the 
centre of the stockline were irregular with an 
average deviation of 31% for sinter and 11% for coke. The 
results were considered inconclusive for both sinter and 
coke, although the sharp drop in the angle of repose at 
the centre of the coke profile at the highest flow rate 
would indicate the possibility of fluidization of this 
area. In comparison with the outer sampling areas, the 
centre has a very small cross sectional area so with a 
constant superficial velocity, the volumetric flow rate 
per unit area would be considerably higher in the centre.
A possible explanation for the irregular results 
across the centre of the profile is that the air velocity 
through this small area is very high, creating turbulence 
and dilation of the packed bed. When the air supply was 
turned off, the particles settled in a random manner, not 
indicative of their true dynamic behaviour.
The central area from 21.4cm to 24.7cm from the 
wall was generally of a concave profile. In comparison to 
the mid radius area from 11.4cm to 21.4cm and the outer 
area from wall to 5.4cm, the central area is very small.
F i g . 4.15 Effect of gas flow on angle of repose d i s t r i b u t i o n  
of sinter layer 
(after Okuno,1981)
F i g . 4;. 16 Radial distribution of the angle of repose for 
various gas flow rates 
(after I s o y a m a ,1983)
56
Comparison of particle behaviour with the two outer 
areas therefore should not be made.
Okuno36 and Isoyama43 investigated the 
effect of gas flow on the angle of repose and their 
findings of a smaller angle of repose at the wall than at 
mid-radius is in agreement with the results of the 
present investigation. See Figs.4.15 and 4.16. However, 
Okuno and Isoyama reported a decrease in angle of repose 
with increased air flow rate whereas the present results 
show an increase. Isoyama proposed that the area near the 
wall was governed, not so much by gas velocity, but by 
charging conditions. Since their investigation was done 
on a 1/3 model and the present investigation was done on 
a 1/17 model, the different results may be expected.
4.2 EFFECT OF AIR FLOW ON SEGREGATION
4.2.1 Sinter
4.2.1.1 Harmonic mean size
For all air flow rates investigated, the
segregation of sinter on the stockline followed a
catenary pattern with the harmonic mean size of particles 
being largest at the centre and minimum near the mid 
radius region. The results are shown in Fig.4.17 which 
also include results for zero air flow for comparison. 
The H.M.S. of the original mixture of test sinter was 
1.25mm and the results show that the H.M.S. of samples 
taken across the radius are within ± 15% of this value 
except at the centre where it rises to 20% above the feed
mean size.
Fig.4.17 Effect of air flow on H.M.S. radial distribution 
for sinter .
Part ic le Size of Sin ter  (mm)
Charging Schedule C ‘ 1 — 1 
0 : 1 - 1





Mad i un (in)
' Ore c harging p a t t e r n










0 . 9 5
1 . un 
2.85
D (max)/D (min)
I’attnrn N o . 1 A 
1.80 -  









1. 30 -  
0,96 0.39 
0.73 0.5 8  






























D (innx) /Dp (ml n)






























0. 7 7  0.52
1.14
1.41 -  
1.11 0.35 
0.01 .0.49 
0,9 0  0.35 
l . 74
Table 4.1 H.M.S. and c a l c u l a t e d  gas flow 
full scale furnace tests 
(after Nagai,1978)
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The presence of large particles at the base of the 
main and wall slopes is an expected result of normal 
segregation phenomenon on a free surface.6»7»8 The 
results shown in Fig.4.17 are in agreement with results 
presented by Nagai31(Table 4.1) and Kajiwara3 
for full size blast furnaces.(Fig.4.18). Nagai’s results 
for double ring charging showed highest H.M.S. at the 
centre and smallest near the wall. Fig.4.18 shows 
vertical segregation in a full size furnace. If 
the mean harmonic mean sizes across the radius are 
calculated they follow a catenary pattern with maximum 
H.M.S. value at the centre, minimum value at 3m. from the 
wall and a slight rise in H.M.S. value at the wall.
As may be seen in Fig.4.17, increasing air flow 
rate generally did not have a great effect on the H.M.S. 
distribution of the samples. Fig.4.19 shows that as the 
air flow rate increased, the H.M.S. at the central 
sampling position increased slightly then decreased.The 
most likely explanation for this result is that the 
avalanching effect is increased with increased air flow 
(as mentioned in section 4.1.) When the layer of sinter 
slides down the slope of the stockline at a fast rate, 
the smaller particles do not have sufficient time to sink 
through the layer and become embedded in the stationary 
layer below. Therefore the number of small particles 
carried towards the centre with the sliding layer will 
increase with the increased avalanching effect caused by
increased air flow.
Fig.4.19 Effect of air flow on H.M.S of sinter at each 
sampling position
Fig. 4.20 Distribution of mean particle size in ore layer 
in full size furnace ■
(after Kondoh,1980)
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The decrease in H.M.S. with maximum air flow rate 
also occurred at the 20cm sampling position.(Fig.4.19 ) 
The H.M.S. of samples taken at 15cm and 10cm from the 
wall were reasonably constant with increased air flow 
rate. At 5cm from the wall, the H.M.S. of the sample, 
although lower than that for zero air flow conditions, 
was constant with increasing flow rate. A possible 
explanation for the 5cm position results is that the 
build up of the ridge when the discharge chute angle is 
changed, prevents material within the 0-5cm area from 
being affected by the avalanching of material down the 
main slope of the stockline. Kondoh32 presented size 
distribution of the ore layer with gas flow in a full 
size furnace. His results clearly show the rise in H.M.S. 
of particle at the centre of the layer. See Fig.4.20.
4.2.1.2.Ratio of weight percentage large particle to 
small particle, L/S
A more accurate indication of radial size 
segregation is the ratio of percentage weight of large 
particles to the percentage weight of small 
particles(L/S).Because the segregation of medium size 
particles across the radius was essentially constant, it 
was considered appropriate to compare the behaviour of 
large and small particles only. Results of L/S as a 
function of radial position are shown in Fig.4.21, The 
L/S of the original feed was 15/25 or 0.6. Fig.4.21 shows
Fig.4.21 Effect of air flow on radial distribution of
ratio of percentage large to small sinter particles
Fig.4.22 Effect of air flow on relative velocity distribution 
for sinter
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that near the wall at the 5cm sampling position, the L/S 
was slightly higher than 0.6, indicating the presence of 
a higher percentage of large particles. This result is in 
agreement with the theory of stream segregation (refer 
sect2.1) where large particles are found at the base of 
the slope of the heap. In this case, the base of the 
small slope was next to the wall of the model,i.e. at the 
5cm position.
Across the radius at the 10,15,20cm positions the 
L/S was slightly lower than 0.6, although reasonably 
constant. This is indicative of a higher percentage of 
small particles in this area. At the central sampling 
position the L/S ranged between 2.2 and 4.3, confirming 
the presence of mainly large particles at the centre.
4 . 2 . 1 . 3  Relative velocity (u/usm)
The relative velocity profiles obtained in this 
investigation are presented in Fig.4.22. The figure shows 
that the relative velocity profile for sinter follows the 
same pattern across the stockline for all air flow rates 
investigated, rising from less than 1.0 near the wall to 
values of 3-5 at the centre. The plotted points in 
Fig.4.22 show that the relative velocity above each 
sampling position did not increase in the same order as 
the air flow rate was increased, indicating that velocity 
was not solely dependent on the superficial velocity
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through the model,but was also controlled by the physical 
properties of the packed bed at each position.
Pressure drop (or air flow resistance) across a 
packed bed is determined by the formula
AP K l ( 1 — G ) 2 JuLu sm K 2 ( 1 “ G ) jOU s m 2
—  = ------------  + --------- [4.4]
L dp2 G 3 dp G 3
where K i,K2 are friction factors.
Depending on whether the system is in laminar or 
turbulent gas flow, velocity through a packed bed will 
depend on particle size and porosity of the bed .
uadp2 ,.f (G) or uadp,f(G) [4*5]
or u=K(dp2,G) or u=K(dp,G) where K is factor for 
constant conditions.
Gas flow through parallel beds will follow the 
path of least resistance until a balance of forces is 
met.One should remember that the whole system of both the 
sinter and coke beds should be considered. In the 
present investigation the underlying coke core at the 
centre, formed by the deformation of the coke layer, 
presented a bed of higher permeability and low 
resistance. Therefore it is most likely that 
porosity(G) was the governing factor in determining 
the direction of air flow and the velocity through the 
sinter bed. The increase in relatiye velocity above the 
centre of the stockline indicated a path of least
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resistance for the air flow through a bed which was 
composed mainly of large size particles and the amount of 
small particles present in this area was not enough to 
decrease the permeability of the area. The presence of 
large particles at the central sampling position was 
confirmed by the high L/S value in Fig.4.21. The high 
relative velocity value at the 5cm sampling position can 
be explained by the same principle. However, it is more 
likely that the particle size(dp) was now the governing 
f actor.
The results shown in Fig.4.22 for relative 
velocity across the stockline are similar to results 
presented by Nishio10 who showed velocity profile 
across the stockline just after ore dumping.Fig.2.20 
shows an increase in gas velocity across the stockline 
with velocity at the centre being highest and velocity at 
the wall being lowest. It should be noted that the 
velocities recorded by Nishio at the centre were higher 
than minimum fluidization velocity of sinter whereas in 
the present investigation the sinter layer did not become 
fluidized. Air flow rates during the investigation were 
kept below umf in order to study basic segregation 
behaviour. Kondoh32 presented similar results for 
full size furnace investigations. Narita 11 using a 
l/12th model also obtained comparable results.
Fig.4.23 Effect of air flow on H.M.S. radial distribution 
for coke
Fig.4.24 Effect of air flow on H.M.S. of coke at each 
sampling position • '
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4.2.2 Coke
4.2.2.1 Harmonic mean size
Coke appears to segregate in the opposite manner 
to sinter, decreasing in H.M.S. at the centre of the 
stockline.(Fig.4.23) Whereas mean sizes of sinter were 
closely grouped for increasing air flow rates, those of 
coke were more dispersed, ranging over a value of 
4.84±0.5mm and most being less than the original H.M.S. 
of the feed (5.17mm). Only at the 15cm sampling position 
did the H.M.S. rise above the value of 5.17mm. The mean 
particle size at the centre of the profile showed an 
average of 10% below the H.M.S. of the original feed.
The low values for H.M.S. of coke can be explained 
by the fact that coke is quite porous and brittle. The 
coke particles are prone to physical abrasion during 
handling and when the sampling tube was inserted into the 
coke layer,breakage occurred. The breaking up of large 
particles created a greater percentage of small particles 
than was in the original feed. Because the breaking up of 
the coke particles is attributed to the nature of coke, 
it would occur under any conditions. Results obtained in 
this investigation may therefore be regarded as relevant.
Other investigators have concentrated on velocity 
profiles and the distribution of burden layer thickness 
in preference to H.M.S. There has not been detailed 
investigation into the breaking up of the coke particles
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although Giedroyc41 investigated conditions in an 
operating furnace and included the chemical degradation 
of coke. However the material balance results of the 
present investigation (Appendix) are evidence of the 
breakdown of the large particles to smaller particles.
The effect of increased air flow on the H.M.S. of 
coke is shown in Fig.4.24. Increased air flow initially 
decreased H.M.S. at the central position, then increased 
the mean size until at maximum flow the value was the 
same as for zero air flow. The H.M.S. at 10,15,20cm 
sampling positions fell slightly as air flow increased 
then rose at the maximum air flow of 0.37m3/s. The 
H.M.S. at the 5cm position near the wall showed a 
definite rise with increased air flow to a value of 
5.05mm at the maximum rate. As with the H.M.S. results 
for the central position, the H.M.S. at the 5cm position 
for zero air flow and maximum air flow were very similar. 
These figures show that size segregation of coke is not 
dependent on air flow and avalanching does not occur as 
with the sinter.
The segregation results of coke may be explained 
by comparing the charging mechanism of sinter and coke. 
In the case of sinter, the small particles are discharged 
from the hopper first. The small particles have a shorter 
trajectory and land near the top of the slope. When the 
particles begin to roll down the slope, they are trapped 
by the voids in the underlying coke layer and sink into
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the heap. On the other hand, when the small coke 
particles are discharged from the hopper they do not 
penetrate the base sinter layer because the small coke 
particles are larger than the largest sinter particles. 
Instead the small coke particles roll down the heap 
towards the centre of the stockline. Next, when the large 
sinter particles are charged onto the stockline, a free 
rolling motion and avalanching of the sinter layer 
carries the large sinter particles to the centre of the 
stockline. At the same time, due to the movement of the 
layer, the small particles are able to penetrate deeper 
into the layer and settle in a static layer which has not 
been affected by the avalanching. However the large coke 
particles are of a flatter shape than the sinter, have a 
higher surface friction and many of them have a platelet 
shape. When these large particles are deposited onto the 
coke profile, they do not roll a great distance but tend 
to stay near the point of impact,i.e.5-1Ocm from the 
wall. Avalanching does not occur with the coke charging 
and hence the smaller coke particles do not penetrate 
into the coke layer to the degree of the small sinter 
particles. Instead, the small coke particles, being more 
spherical than the large particles, are free to roll down 
the surface and settle near the centre of the stockline.
4.2.2.2 Weight percentage large to small particles(coke)
Although not as clearly defined as the sinter 
segregation behaviour, the coke L/S results show the same
Fig.4.25 Effect of air flow on.radial distribution of ratio 
of percentage large to small coke particles
Fig.4.26 Effect of air flow on relative velocity 
radial distribution for coke
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tendency as the H.M.S. values to decrease at the centre 
of the stockline.(Fig.4.25) The L/S of the original feed 
mixture was 1.67. At the 5cm wall position this value was
obtained when the air flow rate was zero, 0.29m 3/s
and 0.34m 3/s. At the central position all air flow
rates produced L/S less than 1.0. This indicates 
that a higher percentage of small particles were present 
at the centre. The very little scattering of points 
presents the possiblity of a single mechanism such as 
fluidization at the centre. The reason for fluidization 
at the centre of the bed was explained in sect.4.1.5. At 
the mid- radius sampling positions the results were 
irregular although most L/S values were still below the 
original 1.67. As mentioned in section 4.2.2.1, coke 
particles tend to fret away at the surface during 
handling and hence a large percentage of small particles 
become involved in analysis of results.
Comparison of L/S results for sinter (Fig.4.21) 
and coke (Fig.4.25) where L/S for sinter rises at the 
centre and L/S for coke drops at the centre confirms the 
conclusion that the coke layer is not affected by 
avalanching and seems to indicate that small 
particles are able to segregate to the centre of the 
stockline. Although this behaviour appears to be opposite 
to theory predictions, it was explained in sect.4.2.2.1 
that small particles of coke were unhindered in 
travelling to the cfehtre when charged onto a layer of 
smaller sized sinter particles because there were no 
percolation or avalanchfe effects.
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Literature review has shown investigators prefer 
to present 0/C thickness as a measure of segregation. The 
results of 0/C for this investigation are presented in 
section(4.4).
4.2.2.3 Relative velocity
Analysis of relative velocity across the radius of 
the coke layer(Fig.4.26) shows the same trend as the 
corresponding curves for the sinter layer(Fig.4.22) even 
though the H.M.S. and L/S at the centre of the coke layer 
drops. By correlating the mean relative velocities for 
sinter and coke, the following equations were derived for 
each curve from the general exponential equation, y=kxn.
For sinter u=0.064Q1•186 [4.6]
For coke u=0.166Q0•831 [4.7]
The ’ n ’ values indicate that increasing air flow rate 
affects sinter at a faster rate than it does for coke. 
The ’k ’ values are indicative of intercept values.
The rise in relative velocity(u/usm) at the centre 
of the stockline means that although there are small 
particles present in the central core, lowering the 
H.M.S.,there is sufficient volume of underlying large 
sinter particles to increase the permeability of the bed. 
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Q=const dp--  [2.9]
V l-e
This equation is only valid for ideal uniform beds and 
particle size and porosities should be mean values of the 
bed as a whole.23 In addition, as explained in 
section 4.2.1.3, the state of air flow of the system 
(laminar or turbulent) will dictate the value of the 
exponent of the particle size used in calculations for 
velocity. That is, dp may be raised to the power 2 or 
0.5.
It must therefore be concluded that in the case of 
the central core of the coke layer, the decrease in mean 
particle size (H.M.S.) by the presence of a high 
percentage of small particles, has been balanced by an 
increase in porosity in the underlying sinter layer to 
allow maximum permeability through this area in 
comparison to the other sampling positions across the 
profile of the coke layer.
4.3 EFFECT OF AIR FLOW ON ABOVE BURDEN VELOCITY PROFILE
4.3.1. Position of above burden probes
The position of above burden probes is an 
important parameter in analysis of velocity distribution 
results. Relative velocity distribution results from 
parallel probes above the centre of the stockline are
Fig.4.28 Effect of 1.01m/s air flow during coke charging
Fig.4.29 Effect of 1.90m/s air flow during coke charging
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shown in Fig.4.27. Probe 5 was directly above the burden 
and probe 6 was 4.5cm above probe 5. The results for both 
sinter and coke show that although the velocity 
distribution is similar at both probe positions, the air 
velocity at the higher point was lower.
If the probe is a significant distance above the 
stockline of the burden, the velocity measurements will 
not be an accurate indication of the air velocity at the 
exit point. The air exiting from the parallel packed beds 
created by the size segregation across the stockline 
experiences a large drop in resistance and disperses.By 
the theory of the continuity equation, Pi=P2=uiA1=u2A 2 , 
when the cross-sectional area increases, (as in a 
diverging tube) the velocity decreases.
4.3.2 During charging 
4.3.2.1 Coke
The effect of air flow on the velocity profile of 
the test coke layer is shown in Fig.4.28 and Fig.4.29. 
Fig.4.28 shows the results obtained from the thermistor 
probes when the air flow was minimum at 0.197m3/s. 
It can be seen that the velocity through each sampling 
point during charging of the test coke layer was 
reasonably constant except at 5cm from the wall. The 
results from the probe at this position (Fig.4.28e) show 
the velocity through the coke layer was very low until 
charging of the coke burden was almost completed when 
velocity then increased. The initial low velocity at the
A
Effect of l.Olm/s air flow during sinter chargingFig.4.30
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5cm position may be explained by the air crossflowing 
from the 5cm position towards the wall and mid-radius as 
the layer thickness increased. When the P.W. chute angle 
was increased so that the point of impact of the coke 
burden was further away from the wall, there was an 
increase in velocity in the area near the wall because 
the air flow was now restricted at mid radius by the 
material being deposited onto that area. Results when the 
air flow was maximum at 0.37m3/s are shown in 
Fig.4.29. The change in velocity near the wall(Fig.4.29d) 
and at the 10cm from the wall position(Fig.4.29e) is more 
noticeable than the changes in velocity which occurred at 
the lower air flow rate. The gradual drop in velocity at 
the 5cm position was probably due to crossflow towards 
mid-radius and wall where the presence of the larger coke 
particle size made the layer more permeable. The drop in 
velocity at the 15cm position(Fig.4.29c) may have been 
due to experimental error.For the sake of consistency , 
it was necessary to make a decision as to when to take 
the millivolt readings from each probe. Due to the 
irregular flow of coke from the hopper, some 
discrepancies in the graph readings were to be expected. 
It was shown in sect.2.5 how unsteady state flow creates 
fluctuations in flow velocity.
4.3.2.2 Sinter
Results for the sinter charging when the air flow 
rate was 0.197m3/s are shown in Fig.4.30. It can be seen
Fig. .32 Velocity distribution of sinter profile after charging.
Fig.4.33 Velocity distribution of coke profile after charging
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that the above burden velocity profile of sinter at the 
low flow rate increased from near the wall(Fig.4.30e) to 
the centre(Fig.4.30a). Even at the low air flow rate, 
there was indication, of a slight crossflow of air. 
Fig.4.30e shows a drop in velocity at the 5cm position at 
the same time as Fig.4.30d shows an increase in velocity 
at the 10cm position. There were slight rises in velocity 
at the other probe positions also.
The velocity profile above the sinter burden at 
maximum air flow rate of 0.37m3/s is shown in 
Fig.4.31. Once again there is evidence of crossflow at 
80-1OOseconds from the 5cm position to the 10cm position 
and even more so at the 15cm and 20cm positions.
Narita11 presented changes in gas velocity 
distribution during ore charging. His results,
(reported previously in Fig.2.2) showing highest velocity 
at the centre and lowest in the peripheral region as the 
ore layer becomes thicker are in agreement with the 
results of this investigation.
4.3.3 After charging(sinter and coke)
The point velocity profile as a function of radial 
position for the test sinter layer is shown in Fig.4.32. 
The results for the test coke layer are shown in 
Fig.4.33. For both materials, the velocity increased from 
less than 2m/s near the Wall to about 6m/s at the centre
Fi g . 4.34 Mechanism of formation 
(after Nishio,1978)
of burden d i s t r i b u t i o n in gas flow
F i g . 4.35 Velocity profile from in-burden probe on blast 
furnace cold model 
(after P o v e r o m o ,1975)
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of the stockline. Although the figure of 6m/s appears 
to be very high for small particles, when this is in the 
range of point velocities obtained in industry with 
considerably larger particles, as explained in 
sect.4.1.5. the volumetric flow rate per unit cross 
sectional area through the small central sampling area is 
very high. However, it can be seen that the increase in 
velocity through each test layer is not in the same order 
as the increase in air flow rate. Only the central core 
of the coke layer showed this ideal behaviour where the 
highest air flow rate produced the highest velocity.lt 
can be seen from the results presented in Fig.4.32 and 
Fig.4.33 that at any individual sampling position, the 
lowest air flow rate of 0.197m3/s generally produced 
the lowest velocity and the highest air flow rate of 
0.37m3/s produced the highest velocity.Deviation 
from the ideal behaviour may be explained by the 
crossflow of air through the underlying layers as the 
test layer was being deposited. The crossflow of air
through coke and sinter burdens has been previously 
reported by other investigators10»28 whose results 
generally correspond wth the results found in this 
investigation.
Nishio,10 in presenting the mechanism of 
formation of burden distribution in gas flow, also showed 
the crossflow of gas towards the centre until completion 
of charging when the gas flow was then balanced across 










Fig.4.36 Effect of air flow on relative velocity distribution 
at each sampling position for sinter
Fig. 4.37 Effect of air flow on relative velocity distribution 
at each sampling position for coke
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flow patterns in a 1:18 cold model of a blast furnace 
stack. Fig.2.5 showed the computed streamlines obtained 
for a burden of ore, coke and flux. The general flow 
towards the centre at the top of the stack can be seen. 
However, the experimentally measured velocity profile 
obtained by Poveromo, shown in Fig.4.35, with velocity 
decreasing in the centre is not in agreement with the 
current investigation. A probable explanation for the 
differing result is that Poveromo used an in-burden 
anemometer to take velocity readings whereas current 
investigations were done using above burden thermistor 
probes.
The increase in velocity at the centre of the 
sinter stockline is expected because of the large sinter 
particles segregating to the centre, creating a more 
permeable area for increased air flow. The previously 
reported coke deformation and build up of a central coke 
column (sect.4.1.2) present a central core below the 
sinter layer which will allow greater air flow than 
elsewhere across the radius.
Relative velocity as a function of increasing air 
flow rate for the sinter burden is shown in Fig.4.36. 
Again it can be seen that for each flow rate used, the 
relative velocity across the central area is generally 
maximum and relative velocity near the wall is generally
minimum.
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Coke displayed a similar above burden relative 
velocity profile to sinter.(Fig.4.37) However,it appears 
that the coke bed allowed crossflow of air from the 5cm 
position to the 10cm position to occur more readily as 
the air flow increased. Referring to Fig.4.23, it can be 
seen that small coke particles are deposited near the 
wall and large particles are deposited mid-radius. There 
is a natural tendency for the air to flow through the 
area of least resistance. Therefore the air path will 
crossflow away from the 5cm position towards the centre.
Overall results da not indicate a difference in 
uniformity of air flow distribution at the lower air flow 
rates compared with that at the higher air flow rates. 
Although relative velocity above the stockline increased 
towards the centre, u/usm was reasonably constant with 
increasing air flow rate for each radial sampling 
position. Refer to Fig.4.36 and Fig.4.32.
4.4. EFFECT OF AIR FLOW ON 0/C LAYER THICKNESS
The effect of air flow on the radial distribution 
of sinter to coke layer thickness ratio (0/C) is shown in 
Table 4.2. For all air flow rates investigated there was 
a definite rise in 0/C at mid-radius, indicating that the 
depth of the coke layer was less than the sinter layer 
depth over that area. At the peripheral region and at 
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thickness of the coke layer at these areas. As the air 
flow rate increased from zero to maximum, the 0/C at the 




Radial posn.(cm) 5 10 15 20 25
Velocity(m/s)
0.00 1.41 2.14 2.42 2.26 1.44
1.01 1.04 1.94 2.76 2.50 2.22
1.26 0.96 1.24 2.00 2.33 1 . 15
1.48 0.84 3.26 7.30 3.82 1 . 14
1.76 1 . 13 1.08 *2.81 1.79 0.88
1.90 0.80 1.96 3.82 1.97 0.57
A simplified comparison of the effect at zero air 
flow and maximum air flow on the peripheral mid-radius 
and central regions is given in Fig.4.38. The difference 
in profile readings obtained when coke deformation was 
not taken into account is also shown in Fig.4.38.The 
importance of correct profile reading method in order to 
avoid experimental error should be noted. In the current 
tests the conductivity profile meter was used to 
determine the coke profile after sinter charging.
The results shown in Table 4.2 correspond with 
results presented in section 4.1,Fig.4.5, which showed 
the effect of air flow on the degree of coke layer
Fig.4.39 Effect of gas velocity on ore/coke d i s t ribution  
(after Narita,1981)
Fig . 4.40 Relationship between surface profile 
. and 0/C distribution
(after K u r i h a r a ,1981)
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deformation and are explained by the fact that as the air 
flow rate through the model was increased, the degree of 
coke deformation increased. This gave rise to an increase 
in the coke column at the centre of the stockline. The 
depth of the coke layer at the periphereal region was 
also slightly increased with increased air flow. 
Accordingly, because of the movement of coke towards the 
centre and the wall, the 0/C of the mid-radius region 
increased with increased air flow.
Several other investigators have presented results 
for 0/C distribution. Okuno13 presented profiles 
obtained for different charging patterns. He concluded 
that a flat profile near the wall would lessen the amount 
of coke collapse. Although the present investigations 
show that a flat profile was only obtained at low flow 
rates, results obtained were generally in agreement with 
those of Okuno. Narita11 compared the 0/C radial 
distribution with gas velocity distribution in a 1:20 
scale model of a blast furnace. He found that a change in 
charging sequence affected the 0/C across the profile and 
that 0/C was closely related to the gas velocity profile. 
Fig.4.39 from Narita*s paper shows that increased gas 
velocity decreased 0/C at the central region and 
increased 0/C at the wall. Fig.4.39 also shows the 
difference in 0/C profiles obtained with sinter and 
pellets. When pellets are charged onto a coke layer, 
because of their more hnii'orm shape, they are able to 
segregate less hindered And build up at the base of the
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slope. That is, there would be a higher percentage of ore 
at the centre of the stockline when pellets are used as 
opposed to sinter, thus giving a higher 0/C ratio. This 
demonstrates that the shape of the particle is one of the 
many factors involved in the segregation mechanism. The 
differing behaviour of the two differently shaped 
particles can also be seen from the effect of increased 
velocity on the 0/C profile. For pellets, the 0/C at the 
wall is similar for all flow rates but fans out 
considerably at the centre.For sinter, on the other hand, 
the 0/C at the wall are more scattered but all have an 
0/C ratio of less than 6 at the centre. Present results 
show however, that increased air flow rate decreased 0/C 
at both centre and wall.This discrepancy is possibly 
explained by the fact that Narita used a bell-charging 
method in his model whereas the model used in the present 
work was that of a Paul Wurth bell-less top.
Results of present work, shown in Table 4.2, are
very similar to the results presented by
Kurihara 9 f or a P.W. furnace. He presented the
relationship between the surface profile of the ore and 
coke in conjunction with the 0/C distribution. Fig.4.10 
shows a very high 0/C at mid-radius. This is in agreement 
with the present investigation results which show a low 
0/C at the wall and centre and a high 0/C at mid-radius.
Although the charging pattern was constant in this 
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Fig.4.41 Hopper discharge segregation of coke
Fig.4.42 Stockline segregation of coke at zero air flow
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and from the results of other investigators, that 0/C 
distribution is not only dependent on the charging 
parameters but also on the extent of coke deformation, 
which in turn depends on the air flow rate and the angle 
of repose of the coke layer before sinter charging.
4.5 HOPPER DISCHARGE SEGREGATION
4.5.1 Coke
When coke is discharged from the hopper, it
segregates in the pattern shown in Fig.4.41. The
discharge of the medium size coke particles was
essentially constant throughout the discharge time. The
percentage of large particles generally increased with 
discharge time and the percentage of small particles 
correspondingly decreased with discharge time. These
results are as expected from theory.3’6»8. Stockline
segregation of coke at zero air flow is shown in
Fig.4.42. It was found that a higher percentage of small
particles segregated directly to the centre of the 
stockline with a high percentage of large particles being 
present at mid-radius. As explained previously, this is 
due to the size of the coke particles initially 
discharged being larger than the size of sinter particles 
forming the base layer, preventing percolation of the 
coke particles into the sinter layer to form an
interface. The small coke particles were therefore able 






larger coke particles, being flatter, tended to settle 
near the point of impact.
4.5.2 Sinter
The hopper discharge behaviour of sinter is 
shown in Fig.4.43. Initially,there was a small 
percentage of large particles discharging and a large 
percentage of small particles. The discharge pattern for 
the medium size particles was relatively constant. With 
increased time, the percentage of large size particles 
increased and correspondingly the percentage of small 
size particles decreased. The hopper discharge behaviour 
of sinter is in agreement with the results of other 
investigators 2 »4 who showed core flow from the 
hopper, with small particles being discharged first and 
large particles last.
However the segregation of sinter on the stockline 
was not of the same pattern as the discharge from the 
hopper. Fig.4.44 shows a higher percentage of large 
particles at the centre, decreasing at mid-radius and 
increasing near the wall. The small size particles 
segregated in essentially the opposite manner with a 
small percentage at the centre, higher percentage at mid­
radius and small percentage at the wall. The results 
shown in Fig.4#44 indicate that although coke and sinter 
discharged from the hopper in the same segregation 







Fig.4.45 Sequential formation of sinter layer
Fig.4.46 Sequental radial analysis during formation 
of sinter layer
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stockline. This was caused by the percolation of the 
small sinter particles into the voids of the base coke 
layer and by the migration of the large size sinter 
particles down the slope towards the centre.
4.5.3 Three ring analysis
The build up of the sinter profile by consecutive 
rings is shown in Fig.4.45. Each ring represents the 
discharge at increasing chute angles. The angle of the 
chute during the first ring was such that the sinter was 
deposited adjacent to the wall of the model and the layer 
thickness at the centre of the stockline was negligible. 
The second chute angle caused the material to be 
deposited between 0-5cm from the wall. A ridge at the 5cm 
position now began to form and again minimum material was 
deposited at the centre of the stockline. At the third 
chute angle, the material was discharged onto the 
stockline approximately at the 5cm position.
The results of size analysis on samples taken 
after the discharge of each ring is shown in Fig.4.46. 
Cumulative percentage weights of large and small sinter 
particles only have been plotted. The data for the large 
particles were as expected from previously presented 
theory(sect.2.1) with a decrease in percentage at mid­
radius and the highest percentage of large particles 
being present at the centre. The presence of large 
particles at the centré may be explained by the fact that
Fig.4.47 Comparison of size distribution for hopper discharge and 
stockline size distribution after three ring discharge
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a considerable amount of the large particles was present 
in the final discharge from the hopper at the third 
angle, which caused the large particles to rill to the 
centre of the stockline. Examination of the results for 
the small particles show that at the first ring there was 
a higher percentage of small particles than large 
particles near the wall, increasing in value at mid­
radius because of the interface formation, then 
decreasing at the centre. As shown in Fig.4.46, that 
there were no small particles deposited at the centre by 
the first ring discharge. The second ring data show an 
increase in percentage of small particles at the 10cm 
position and again a drop to zero at the centre. The 
third and final ring data are a composite of the total 
percentage of small particles across the stockline. It 
clearly shows the higher percentage of small particles at 
mid-radius and the lower percentage at the centre of the 
stockline, corresponding with the increase in the 
percentage of large particles deposited at the centre.
Although sinter undergoes a secondary segregation 
across the stockline after discharge from the hopper onto 
the base coke layer, the general segregation behaviour is 
comparable to hopper discharge. Fig.4.47 is a composite 
representation of the cumulative percentage weight of 
each of the three sizes of particles as a function of 
discharge time. For both hopper discharge and three ring 
charging, the sinter particles followed the same 
pattern. The segregation of the medium size particles was
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relatively constant, the percentage oif large particles 
increased, with increased discharge time and conversely, 
the percentage of small particles decreased with 
increased discharge time.
Hopper discharge segregation has been previously 
reported by other investigators.1“4 The results of 
the present investigation, by comparison of consecutive 
three ring discharge with hopper discharge, show that 
secondary segregation across the stockline occurs during 
sinter discharging and does not occur during coke 
discharging. This therefore indicates that, in 
conjunction with particle size, density and shape factor 
play a significant part in the segregation mechanism 
since the sinter and coke used in the present 
investigation had different densities and particularly 
with the large particles, different shapes.
4.6 PRESSURE DROP 
4.6.1 Sinter
The pressure drop across the burden when sinter 
was deposited as the top layer is shown in Fig.4.48 as a 
function of the air rate. The results show that the 
pressure drop from above burden to ballast(440mm) 
increased as the air .flow rate increased. Theory predicts 
that:
APQiKu s m 2 or Kusm depending on whether gas flow is 
laminar or turbulent. SinceA P=Ahpg,for simplicity’s sake,
Fig.4.4-9 Effect of interface formed by large size range 




logAh=21ogusm or logusm [4.8]
Hence results of pressure drop plotted in this 
fashion should give a line with a slope between 1 and 2. 
The results shown in Fig.4.48, with a slope of 1.7, are 
therefore in line with theory.
Detailed measurements of pressure drop across the 
burden before and after charging of a blast furnace have 
not been previously reported. However, as expected, the 
results in Fig.4.48 show that the pressure drop after 
charging was greater than the pressure drop before 
charging since the overall composition of the packed bed 
had now been altered with the depositing of the sinter as 
the top layer. The charging of the sinter presented a bed 
of higher gas flow resistance than was previously present 
because of the percolation of the sinter particles into 
the underlying coke layer,forming an interface of greater 
gas flow resistance.Other investigators30*35 have 
presented results which clearly show the increase in gas 
flow resistance when an interface is formed in a packed 
bed system. Standish3 Reported that as a direct
consequence of the interface resistance, the pressure 
loss of ore on a coke layer can be higher than that of 
the equivalent mixture.Burgess 30 presented results 
which showed the interface formed by a sinter layer with 






Fig.4.49, the pressure gradient for the interface is
highest. For comparison, Fig.2. 8 shows the pressure
gradient when the sinter is of a close size range. He
noted that the greater fines fraction for the wide size 
range distribution case led to a deeper penetration of 
the sinter into the coke layer and concluded that the 
increase in pressure loss in the upper part of the blast 
furnace by the fine material forming an interface 
stresses the need for close attention to raw material 
screening prior to charging.
The results in Fig.4.50 show the pressure drop 
across the bed from above burden to the base sinter 
layer.(230mm) The irregularity of the results may be 
explained by the changing conditions of the individual 
layers of sinter and coke in the burden for each air flow 
rate examined. Although detailed analysis of Fig.4.50 is 
not possible, results shown in previous sections confirm 
the phenomena which occurs during charging. Section4.1 
showed that under identical experimental conditions, the 
profiles of the test coke and sinter layers for different 
air flow rates were not identical. It was also shown that 
the coke layer underwent deformation on sinter charging 
and that the extent of coke deformation varied for each 
air flow rate examined. The deformation of the coke layer 
affected the sinter to coke ratio(sect.4.4). This in 
turn, affected the gas flow resistance through the burden 














Fig.4.51 Effect of air flow on pressure drop across bed 
with coke as top layer
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It is therefore obvious that pressure drop across 
the burden of a blast furnace is an important criterion 
in that it is dependent on the extent of coke deformation, 
interface formation and ore-to-coke ratio.
4.6.2 Coke
The results for pressure drop across the burden 
when coke was deposited as the top layer are shown in 
Fig.4.51 and Fig.4.52. Although the results were similar 
to the sinter results (sect.4.6.1), the pressure drop 
difference between before and after charging of the coke 
as the top layer was less than the difference experienced 
by the sinter charging. This is an expected result 
because, even though the underlying layer was sinter, the 
coke particles formed a very permeable bed and allowed 
air flow more readily than when sinter formed the top 
layer.
The low pressure drop difference when coke was 
deposited confirms the results of the air flow effect on 
the angle of repose(sect.4.1). The angle of repose of the 
coke layer at mid-radius was not affected by increased 
air flow because the force exerted by the air flowing 
through the packed beds was minimal. However, the greater 
force experienced by the sinter layer contributed to the 
decrease in the angle of repose of the sinter layer.
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5.0 APPLICATION TO INDUSTRY
The purpose of the main investigation was to study 
the principal effects of air flow in the blast furnace. 
Having obtained the results of the three discrete sizes 
of material which were used, it was decided to repeat the 
basic experiment using five continuous sizes of material 
which better fitted the industrial conditions. The 
results of this investigation were compared with results 
of an investigation carried out on a full size model of 
No5 blast furnace,B .H .P ., Port Kembla.45
Table 5.1 shows the materials used in the five 
sizes experiment and the operating parameters. The 
apparatus employed in this investigation was the same as 
that used in the main investigation. The experimental 
procedure was basically the same as for the main 
investigation except that the test layers of coke and 
sinter were deposited against air flow on top of the test 
layers of coke and sinter, which had been deposited with 
zero air flow, after adjusting the height of fall to 
"zero" stockline. Only one air flow rate of 
0.246m3/s was investigated. The effect of increasing 
air flow rate on the stockline had been previously 
investigated in the main experiment. Therefore, a single 
air flow rate was considered sufficient to study the 
effect of air flow on the five size mixture of burden 
material so that a comparison with other investigations 
could be made. Also,previous results have shown that at 
the flow rate of 0.246m3/s, the air flow effects 
were noticeable without being exaggerated.
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TABLE 5.1
AIR MATERIAL SIZE TOTAL WEIGHT WEIGHT% R.P.Í
FLOW
m 3/s mm Kg




-2.0 + 1.0 1





0.246 COKE as 1 4.3 as 1 8
0.246 SINTER as 2 14.0 as 2 8
CHUTE ANGLE No . of REVS. DEGREES from DEGREES from
VERTICAL HORIZONTAL
COKE 8 6 43 47
7 3 45 45
6 3 48.5 41.5
SINTER 9 6 40 50
8 3 43 47
























Fig.5.2 Effect of gas flow on sinter profile
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5.1 RESULTS
5.1.1 Profile and Angle of Repose
The profiles of the test coke and sinter layers 
deposited with zero air flow and at the air flow rate of 
0.246m3/s are shown in Fig.5.1 and Fig.5.2 
respectively. Since the height of fall for zero air flow 
and for the run with air flow was at the same level, the 
profiles can be superimposed for comparison. Fig.5.2 
shows that the air flow altered the profile of the test 
sinter layer to give an ’M ’ shape rather than a ,V ’ 
shape. Whereas,as shown in Fig.5.1, the effect of gas 
flow on the coke profile was less pronounced except that 
the whole profile was lifted to a higher level above 
zero. This is to be expected because the air flow expands 
the layer, thus increasing its volume.
The effect of air flow on the angles of repose of 
the test coke and test sinter is shown in Table 5.2. The 
results show that the angle of repose of the coke was 
unaffected by the air flow. The reason for this is high 
air flow resistance of the underlying base sinter layer, 
as shown in sect.2.2.The angle of repose of the sinter 
layer decreased with air flow because its base layer of 
coke permitted air flow more readily.(Sect.2.2) The 
central coke column formed by the charging of sinter 
increases with increased air flow. (See sect.4.1.2).The 













Fig.5.3 Comparison of profiles for full size model anc l/17th model
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when sinter was charged against air flow, was more 
pronounced than the column formed with zero air flow. 
This central coke core raised the level of the sinter
layer at the centre, giving 
and smaller angle of repose
TABLE
Effect of Gas Flow
1 COKE









the profile a smaller slope
5.2









A comparison of the relative profiles of the full 
size model and the scale model is shown in Fig.5.3. As 
may be expected, the limiting parameters of the scale 
model gave a slightly different shaped stockline to the 
large model. The scale model produced an "M" shaped 
profile for the sinter, as was generally seen in the main 
investigation. Fig.5.3 also displays the coke deformation 
due to sinter charging. The profile results of B.H.P. do
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not show the central coke column formation because the 
centre of the stockline was not sampled. However it 
does display the thickening of the coke layer near the 
wall which is also due to the coke, deformation. Because 
the coke deformation was not measured at the centre of 
the full size model, the initial angle of repose of the 
coke layer of 37.2° was larger than the corresponding 
angle of repose of 32.8° of the coke layer of the scale 
model. Because the sinter layer of the scale model 
produced an "M" shaped profile, the ridge formed 
increased the angle of repose of the sinter layer(37.3°) 
whereas the MV" shaped profile of the full size model 
sinter layer had an angle of repose of 31.8°.
When an "M" shaped profile is formed, the outer 
slope near the wall will contain a large fraction of the 
total percentage of large particles deposited. This in 
effect decreases the number of large particles which 
would usually be deposited at the base of the inner 
slope. On the other hand, when a "V" shaped profile is 
formed, a greater percentage of large particles are able 
to collect at the base of the slope, thus making the 
profile of the stockline flatter and decreasing the angle 
of repose.
It is known from theory that the angle of repose 
of large particles is less than the angle of repose of 
small particles. Therefore, it is to be expected that the 












Fig.5.4 Effect of gas flow on H.M.S.
distribution of sinter and coke
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smaller than that of the scale model since the mean 
particle sizes of material used by B.H.P. were 
approximately 60mm for coke and 10mm for sinter whereas 
the mean particle sizes used in the scale model were 5mm 
for coke and 1mm for sinter.
5.1.2 Harmonic Mean Size
The effect of gas flow on the radial distribution 
of the test coke and test sinter is shown in Fig.5.4. 
Fig.5.4 shows that the sinter H.M.S. was generally 
unaffected by air flow across mid radius although near 
the centre of the stockline, the H.M.S. of sinter 
decreased with air flow. A probable explanation for this 
result is that the air flow rendered the underlying coke 
layer more porous and permitted some of the larger size 
sinter particles to penetrate into the mid radius coke 
layer instead of rilling to the centre. The effect of air 
flow on the test coke layer was to increase the H.M.S. 
across the radius, except at the centre where the H.M.S. 
was the same as for zero air flow. It may be seen in 
Fig.5.4 that the H.M.S. of coke deposited against air 
flow was more constant. These results, therefore, 
parallel those of the main investigation.
Coke segregation in the Paul Wurth hopper as well 
as on the blast furnace stockline is also more constant. 
Standish4 found that the severity of in-bin segregation 
of ore is greater than that of coke, shown in Fig.5.5.
Fig.5.
Fig.5.





0- Distance from Center of Discharge Hole(m)
6. Particles size distribution in the bunker 
(After Kajiwara et al, 1984)
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This result is in line with full size industrial 
segregation measurements by Kajiwara et al3 who 
found that coke segregated in the P.W. hopper with a more 
constant distribution than sinter and that coke 
discharges from the hopper in a more uniform manner. 
Their results are shown in Fig.5.6. Therefore results 
shown in Fig.5.4 are in line with those of Standish and 
Kajiwara et al.
The H.M.S. radial distribution of the five sizes 
of material used in this investigation and the results 
from the full size model are shown in Fig.5.7 for coke 
and Fig.5.8 for sinter. Because the radii of the 
experimental apparatus and the full size test rig were 
different, the results are expressed in dimensionless 
form to enable comparison of the results. Relative 
H.M.S., used in Figs.5.7 and 5.8, represent the values 
obtained in each set of results expressed as a fraction 
of the largest value. Similarly, the relative radius 
defines each radial sampling position as a fraction of 
the total radius.
It can be seen from Figs.5.7 and 5.8 that the 
results from the scale model are in line with those 
obtained from the full size model, in that the H.M.S. of 
the samples has maximum value at the centre of the 
stockline and minimum value near the wall.It is to be 
expected that the two sets of results are offset while 











W  relative radius
Fig.5.7 Comparison of coke relative H.M.S.
distribution for full scale model 
and scale model
Fig.5.8 Comparison of sinter relative H.M.S. 
distribution for full size model 
and scale model
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large size range of materials used by B.H.P. compared to 
the size range used in this investigation. The greater 
disparity between the coke results compared with the 
sinter results may be explained by the fact that coke 
sampling is very difficult and samples are not always as 
representative as they should be. The range of materials 
used are as follows:
B.H.P LABORATORY
SINTER COKE SINTER COKE
- 63+ 40mm + 100mm - 3 .15+ 2.5 - 8 .0+ 6.3
- 40+ 31.5 - 100+80 - 2 .5+ 2.0 - 6 .3+ 4.0
- 31.5+20 - 80+50 - 2.0 + 1.0 - 4 .0+ 3.15
- 20+10 - 50+40 - 1.0 + 0.5 - 3.15 + 2.0
- 10+ 8.0 - 40+25 - 0 .5+ 0.25 - 2 .0+ 1.0
- 8 .0+ 6.3 - 25+20
- 6.3 + 5.0
The H.M.S. of coke tested at B.H.P. deviated from 
the mean particle size by -35% to +24%. The H.M.S. of 
coke tested in the scale model deviated by -34% to -10%. 
The H.M.S. of sinter in the B.H.P. model deviated from 
the mean particle size by -21% to +25%. The H.M.S. of the 
sinter in the scale model deviated by -17% to +108%. This 
indicates that the scale model displayed exaggerated 
segregation of the large particles of sinter to the 
centre of the stockline and a greater percentage of small 
coke particles at the centre. Because of the difficulties 
encountered in the coke sampling from the full size test 
rig, results for the centre of the stockline were not 
available from the B.H.P. report.
H'O
Fig.5:9 Effect of gas flow on ore to coke layer 
thickness distribution
Fig.5. IQ Ore to coke ratio distribution 
in full size model
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5.1.3 Ore/coke distribution
The effect of air flow on the O/C of the scale 
model is shown in Fig.5.9. The results in Fig.5.9 show 
that the air flow increased the 0/C at mid-radius 
considerably. This is because the deformation of the coke 
layer increased with increasing air flow as reported in 
sect.4.4. The 0/C results obtained with zero air flow are 
similar to the B.H.P. results in that the maximum value 
is in the mid-radius region and the minimum value near 
the wall. It can be seen from Fig.5.10, however, that the 
0/C values for the full size model are higher than those 
for the scale model. The maximum value for the full size 
model is closer to the centre at 0.77 of the total radius 
whereas the maximum value for the scale model is at 0.6 
of the total radius. The B.H.P. results show a more even 
0/C ratio for the stockline from the wall to 0.3 of the 
radius towards the centre. The scale model results 
display a parabolic trend, rising to a maximum at 0.6 of 
the radius towards the centre then falling in value as 
the centre is approached.
The ratio of the size of the particles used in 
each model was not exactly to scale and the length of the 
slope of the model stockline was proportionately 
smaller,whereby there was 800 mean size sinter particles 
or 130 mean size coke particles across the 8metre diam. 







Fig.5 .// Comparison of relative L/S distribution for full size 
and scale model
94
coke particles across the 0.5metre model, so the 
disparity in results in Fig.5.9 and Fig.5.10 may be 
expected.
5.1.4 Percentage large particle/percentage small particle
(L/S)
The L/S results for the scale model and the full 
size model are shown in Fig.5.11. Once again, the results 
are presented in dimensionless form to correlate the two 
sets of results. Since the results obtained from H.M.S., 
angle of repose and O/C for the scale model only showed a 
generally similar behaviour to those of the full size 
model, the ratio of weight percentage of large particles 
to weight percentage of small particles was calculated. 
It has been shown in the main investigation that during 
charging of a multisize mixture onto the blast furnace 
stockline, the radial distribution of the medium size 
particles is reasonably constant. The size range of 
materials used by B.H.P. and in the scale model were 
divided to give total weight percentage of large, medium 
and small size particles which were comparable, viz;
B.H.P. Laboratory
Large -63+10mm;67% -3.5+1.Omm;64%
SINTER Medium -10+6.3mm;23% -1.0+0.5mm;27%
Small -6.3mm+2.5mm;9% -0.5+0.25mm;9%
COKE Large +80mm; 16% 
Medium -80+50mm;51% 
-50+25mm; 33%
-8.0 + 6.3mm; 27% 
-6.3 + 4.0mm ; 48%










Fig.5.12 Relative velocity distribution 
for sinter and coke
Fig.5.13. Burden and gas distribution in B.F. model 
(After Isoyama et al, 1981)
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In the main investigation it was found that L/S 
gave a better indication of the segregation behaviour of 
the different sized particles than did H.M.S. Fig.5.11 
shows that for sinter, the L/S ratios for the full size 
model are similar to the L/S ratio for the scale model, 
confirming that the L/S ratio is a better parameter for 
comparison of segregation behaviour in the model and full 
size stockline of the blast furnace.
The L/S ratio for the scale model coke layer 
exhibits a similar pattern as the H.M.S. coke 
distribution in that the percentage of large coke 
particles at the centre of the stockline was lower than 
elsewhere across the radius. This behaviour was also 
noted in the L/S and H.M.S. results for the three size 
mixture of coke in the main experiment; see Figs.4.26 and 
4.24.
The L/S coke results for the full size model did 
not correspond neatly with the scale model results but it 
has been shown in the main investigation that coke 
exhibits a different segregation behaviour to that of 
sinter and because of its greater effect on the kinetic 
energy of the countercurrent gas, only displays a small 
section of its total operating range. Additionally, as 
previously mentioned, there were difficulties encountered 
in the sampling of coke.
F i a . 5.14. B.F. stockline properties 
(After Nagai et al,1978)
for different charging sequences
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5.1.5 Relative Velocity
The relative velocity results for the scale model 
are shown in Fig.5.12. As expected, the velocity at the 
centre of both the sinter and coke layers was highest 
because of the higher permeability in this area. The 
relative velocity of sinter was higher than that of coke. 
Sect.4.2.2.3 showed that the value of the exponent for 
the sinter general rate equation is higher than that for 
coke. Hence the air flow rate affects sinter at a faster 
rate than it does coke.
Isoyama et al37 shows in Fig.5.13 how the gas 
velocity distribution can be changed by different 
charging conditions. Size segregated sinter charging 
produced fines near the wall which decreased the velocity 
in that area. Similarly, Nagai et al31 shows how 
different charging patterns affect the stockline 
properties .Top gas temperature can be interpreted as 
velocity distribution and it can be seen in Fig.5.14 how 
the distribution varies for different charging sequences.
Although the facilities of the B.H.P. test rig did 
not allow air flow investigation, it may be assumed that 
since other parameters followed a similar trend, then air 
flow through the full size model would also exhibit a 
similar pattern as the scale model. It should be noted 
however that asymmetrical distribution of the burden can
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Fig.5.15 Asymmetric temperature profile 
(after Peters,1986)
Fig.5.16 Asymmetric temperature profile 
(after Peters,1986)
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Fig.5.17 Comparison of porosity results using discrete size 
and continuous size mixtures 
(after Ouchi yarna , 1 9 8 4 )
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exert an influence on all the processes that take place 
in the blast furnace. An asymmetrical stock column can be 
caused by incorrect charging. Peters et al46 found 
that an asymmetrical burden profile in Schwelgern blast
p ro d u c e d  q - fe r ' f i  e ra +ure .
furnace^profile with maximum value near the wall in one 
radius rather than at the centre. Figs.5.15 and 5.16 
display this asymmetric temperature profile.
Overall, the air flow effects from the laboratory 
model using continuous size mixtures exhibited similar 
behaviour as those obtained from the main investigation 
with discrete size mixture. Ouchiyama47 showed that 
separate investigations into porosity,hence permeability, 
of a discrete size mixture and a continuous size mixture 
gave similar results.Refer to Fig.5.17. It is possible 
that other parameters of discrete and continuous size 
mixtures can be correlated. Since the results of the 
B.H.P. test rig generally showed similar trends as the 
scale model, it can be assumed that if the size range of 
test material is taken into account and the appropriate 
adjustments are made, the scale model results can give an 
indication of the effects of air flow in a full size 
furnace.
As an example, if the model results for static and 
gas flow conditions are proportionately applied to B.H.P. 
results, then the effect of gas flow on the H.M.S. 
distribution in the full size analogue would be as shown 












Fig.5.IQ Calculated effect of gas flow on H.M.S distribution 
in full size model
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distribution in the scale model and the full size model 
showed that the results were offset by 22% for sinter and 
6% for coke. The effect of air flow on the profiles in 
the scale model was to raise the sinter profile by 25% 
and the coke profile by 16%. Therefore, by simply 
subtracting the percentage deviation due to different 
size models from the effect of air flow in the scale 
model it can be proposed that the effect of air flow on 
the full size model would be to lift the sinter profile 
by 3% and the coke profile by 10%.
5.2 EXTENSIONS
Many investigators have studied with varying 
success both full size furnaces and scale models in the 
pursuit of achieving optimum industrial operating 
conditions. In Fig.5.19 Nagai et al31 show the 
effect of gas flow on layer thickness in a model and the 
disparity of the results with measurements from an 
operating furnace. Most recently, Engel et al48 carried 
out extensive studies on a nitrogen quenched blast 
furnace. The operational burden column and some 3500 
basket samples were removed and investigated in order to 
quantitatively describe the actual conditions within the 
blast furnace following quenching and to compare this 
with the picture derived indirectly from the periphereal 
measurements carried out while the furnace was still in 
operation. They concluded that the ore-to-coke
Fia 5 19 C o m p a r i s o n  o f  b u r d e n  l a y e r  t h i c k n e s s  i n  m o d e l  w i t h  
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Fig.5.20. Actual ore-to-coke distribution compared with 
model predict ion.(After Engel et al,1986)
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distribution determines the primary gas flow conditions 
of the blast furnace. The zones with the highest 
proportion of coke attract the largest gas flow. Fig.5.20 
from their paper shows the calculated radial distribution 
of ore and coke compared with the actual material 
distribution. These findings prove that there may be 
severe discrepencies between in-furnace situations and 
what periphereal readings or models may seem to indicate.
Relative gas permeability reaches its minimum 
where there is least coke present and bulk weight is at 
its highest, as shown in Fig.5.21. Engel et al reported 
that gas flow conditions in the cohesive zone of the 
furnace are not clearly reflected by temperature 
distribution data taken from above burden probes, but 
that the distribution pattern pertaining to burden 
reduction provides a good basis for re-establishing the 
radial gas flow pattern. Fig.5.22. shows in addition to 
pronounced gas flow at the centre and periphery, 
substantial transverse flows are apparent.
The gas flow situation shown in Fig.5.22 is 
predominantly a consequence of the ore-to-coke 
distribution pattern created by charging equipment and 
charge sequence. It was also reported that apart from the 
gas flow conditions produced by the O/C distribution 
pattern, the behaviour of gas in "microzones" of the 
packed bed play an important part. Small deviations in 
the local particle composition of the packed bed cause
Normalised furnace Normalised furnace
radius ™dlus
Fig. 5. 21. Gas velocity distribution in quenched furnace 
(After Engel et al,1986)
Fig.5.22. Paths and intensity of gas flow in full size 
furnace. (After Engel et al, 1986)
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changes in the gas flow pattern. The gas will follow the 
path of least resistance even at a microzone level with 
the result that even in the immediate vicinity, zones 
appear with widely varying gas flows. This condition was 
clearly shown in the point velocity graphs of the main 
experiment.(Figs.4.28-4.31) This situation leads to 
process heterogeneity and causes the fusion zones of low 
permeability to spread out with the ultimate result of 
increasing coke consumption.
Engel et al proposed that these phenomena can 
be mitigated by limiting the charge to as few burden 
components as possible and by keeping the particle size 
range within one charge as narrow as possible. They 
concluded that samples taken from blast furnaces by means 
of probes and samples from quenched furnaces should be 
interpreted with caution as far as their particle size 
distribution is concerned and that testing methods 
currently employed do not reflect the true situation in 
the blast furnace.
The findings of their project indicate that in 
order to further optimise the testing process, the 
following measures are necessary:
(a) improvement of equipment for burden material
distribution
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(b) instruments are required which accurately and 
quantitatively measure the true gas flow situation over 
the entire surface and cross-section inside the column
(c) the existing theoretical models will have to 
be adapted to actual conditions and new models will have 
to be developed.
The results presented by Engel et al confirm 
ore-to-coke distribution and point velocity results of 
the present investigation. They also show that a cold 
scale model cannot satisfactorily predict the behaviour 
of burden material and gas flow in a working blast 
furnace. However, principal gas flow effects can be 
observed in the model and thus establish a basis for 




The results of this study, where alternate layers 
of coke and sinter were charged against air flow onto 
the stockline of a model blast furnace, have shown that:
1. On an individual layer basis, segregation of sinter 
and coke is similar, except at the centre of the 
stockline, and follows a catenary relationship.
2. On a global basis, coke segregation behaviour 
cannot be compared with sinter segregation behaviour 
because of the deformation of the coke layer when sinter 
is charged onto it.
3. Sinter undergoes a secondary segregation after 
discharge from the hopper if the sinter particles are 
smaller than the coke particles forming the underlying 
layer. Hopper discharge and sequential three ring 
analysis confirm the secondary segregation of sinter. 4
4. Harmonic mean size distribution pattern is 
unaffected by air flow, although across the stockline the 
mean sinter particle size is increased by 25% and the 
mean coke particle size is increased by 16% with air
flow.
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5. Air flow increases the coke layer deformation and 
alters the ore-to-coke radial distribution. With zero air 
the O/C deformation is 7% but at maximum air flow 
deformation is 60% and the maximum O/C point is 
transferred from 20% of the radius to 40% of the radius.
6. Radial velocity distribution of sinter follows a 
catenary pattern for all flow rates investigated even 
though increased air flow rates decrease profile angle of 
repose. In the range from zero to 0.372m2 3/s air flow 
rate, the angle of repose at mid-radius of the sinter 
layer decreased from 35.4° to 25.9°. Coke radial velocity 
distribution shows cross flow of the air occurs more 
readily through the coke layers.
The results of the investigation, in which five 
continuous sizes of material were used have shown that:
1. Only in general does air flow affect the stockline 
similarly to when three discrete sizes are used. As 
reported by Engel et al48, more improved methods for 
model investigations need to be developed.
2. Comparison of the results of the l/17th scale 
model using the five sizes of particles with results
obtained from a full size model of No. 5 B.F., 
B.H.P.,Port Kembla, show that only a general comparison 
may be made. An example of calculated air flow effects on
104
the stockline of the full size model is given whereby the 
harmonic mean size distribution of sinter increases by 3% 
and the harmonic mean size of coke increases by 10% with 
air flow. 3
3. If the deviation of the ratio of the variables in 
scale and full size models can be kept to a minimum, then 
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AP = Ahp g Kg/ms2 where
API = 25.48 Kg/ms2 
AP2 = 65.17 Kg/ms2 
AP3 = 101.92 Kg/ms2 
AP4 = 142.10 Kg/ms2 
AP5 = 199.92 Kg/ms2 
AP6 = 233.24 Kg/ms2
From Bernouilli’s equation, u
p = density of 
= 1000Kg/m3
water
where p - density of 
= 1.20Kg/m 3
ai
Anemometer readings from Pitot tube
ul = 6.52m/s ul — 6.3m/s
u2 = 10.42m/s u2 = 9.4m/s
u3 = 13.03m/s u3 - 12.Om/s
u4 = 15.39m/s u4 - 14.9m/s
u5 = 18.25m/s u5 = 15.8m/s
u6 = 19 72m/s u6 = 17.8m/s
Flow rate = velocity.cross sectional area,
through where diameter=1
hose and X.sect area =













RUN1 Change in millivolts
Flow rate therml therm2 therm3 therm4 therm5 therm6
1/min
3.8 789 700 660 673 516 546
6.2 640 619 766 822 340 888
8.6 977 891 1107 900 800 811
11.0 1145 1390 1500 1600 650 1127
13.4 1164 1218 1556 1600 867 1309
15.8 1164 1360 1460 1533 1000 1380
18.0 1182 1420 1533 1644 734 1320
20.5 1400 1345 1825 1489 1109 1091
23.0 1460 1420 1555 1489 1320 1420
25.5 1560 1750 1466 1578 1300 1422
27.9 1540 1681 1886 1914 1444 1440
32.9 1689 1943 1914 1750 1280 1800
37.8 1800 1623 1829 1914 1750 1578
ther













therml therm2 therm3 therm4
- 650 1164 912
- 1200 1036 850
1073 1080 1555 1237
1061 1250 1489 1107
1169 - 1600 -  .
1489 - 1291 -
1550 - 1886 -
1520 - 1850 -
- - 1712 -
- - 1829 -


























therml therm2 therm3 therm4 therm5
- 789 1073 912 -
- 954 1280 862 -
1180 1200 1444 1237 -
1218 1108 1540 1138 -
1400 - 1700 - 1054
1327 - 1875 - 1260
1466 - 1858 - 1400
1466 - 1915 - 1380
- - 1971 - 1360
- - 1943 - 1533
- - 1972 - 1489

















therml therm2 therm3 therm4 therm:
- 630 444 637 -
1109 938 670 1000 -
970 913 914 1016 710
1182 1237 1107 1200 1200
1185 - 1091 - 1560
969 - 1400 - 1480
1139 - 1175 - 1667
1280 - 1875 - 1689
- - 1578 - 1800
- - 2000 - 1800





RUN 5 Change in millivolts
Flow rate therml therm2 therm3 therm4 therm5 ther
1/min
3.8 - 811 561 1015 - 682
6.2 1030 1340 863 1145 - 925
8.6 1046 1440 912 1420 1073 1200
11.0 1016 1520 850 1540 1200 1200
13.4 1031 - 1488 - 1460 1164
15.8 1291 - 1182 - 1500 1422
18.0 1164 - 1460 - 1533 1520
20.5 1264 - 1750 - 1600 1280
23.0 - - 1440 - 1360 1380
25.5 - - 1689 - 1700 1775
27.9 - - 1750 - 1645 1600





manometerl manometer2 manometer3 manometer4 VtBefore (cm) (cm) (cm) (cm) (m/s)charge (B) 0.2 0.4 2.7 1.0After
charge (A) 0.6 0.9 2.8 0.9 1.01
(B) 0.5 0.7 4.7 1.9
(A) 1.3 1.5 5.0 1.8 1.26
(B) 0.9 1.1 7.2 3.2
(A) 2.1 2.3 7.9 2.9 1.48
(B) 0.8 1.2 11.2 4.7
(A) 2.5 2*8 11.1 4.5 1.76
(B) 2.3 2.5 11.7 4.4
(A) 4.3 4.8 13.0 4.1 1.90
COKE
(B) 0.6 0.6 2.7 0.8
(A) 0.6 0.7 2.7 0.8 1.01
(B) 1.1 1.1 5.5 1.4
(A) 1.2 1.2 5.6 1.4 1.26
(B) 1.6 1.9 7,1 2.5
(A) 1.8 2.2 7.2 2.5 1.48
(B) 2.2 2.3 10.1 3.6
(A) 2.4 2.5 10.2 3.6 1.76
(B) — _ _
(A) 3.3 3.9 11.4 3.1 1.90
/
Appendix (D-l)
SUPERFICIAL VELOCITY 1.01 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B C
RUN No. 1 NATURE OF MATERIAL - COKE
1.4 53.1 53.3 53.3
3.4 53.2 53 52.5
5.4 52.6 52.8 53.2
7.4 52.4 52.2 52.1
9.4 50.1 50.2 49.9
11.4 49 49.7 48.7
13.4 47.7 48.5 47.4
15.4 46.3 47 45.5
17.4 45.2 45.3 44.1
19.4 44 44.1 44.1
21.4 43.6 43.4 43
23.4 43 43 43.5
24.7 43.4 42.9 43.4
A = RADIUS 1 
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT0/» WEIGHT0/» TOTAL WT. HMS
(cm) (gram) ( mm )
5 22.02 54.55 23.43 49.5 4.94
10 19.75 60.49 19.75 24.3 4.99
15 12.79 62.79 24.42 17.2 4.8
20 28.89 51.85 19.26 13.5 5.13
25 11.96 46.89 41.15 20.9 4.49
5 14.88 63.22 21.9 48.4 4.88
10 17.18 64.32 18.5 22.7 4.98
15 23.66 55.38 20.97 18.6 5.01
20 26.84 52.94 20.22 27.2 5.08
MATERIAL
BALANCE 19.4 57.5 23.1
Appendix (D-2)
RUN No. 1 NATURE OF MATERIAL - SINTER
SUPERFICIAL VELOCITY 1.01 metres/sec















A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS

















WEIGHT% TOTAL WT. HMS








30.02 156.9 1. 19
20.89 245.1 1.28
23.8
SUPERFICIAL VELOCITY 1.26 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B C
Appendix (D-3)
RUN No. 2 NATURE OF MATERIAL - COKE
1.4 53.5 53.5 55.8
3.4 54.3 53.7 53.5
5.4 54.4 54.2 54.1
7.4 55 53.8 54.6
9.4 54.2 52.7 53.4
11.4 52.9 51.5 51.6
13.4 51.1 50.2 49.9
15.4 48.9 48.4 48.6
17.4 46.3 46.6 46.2
19.4 46.1 45.4 45.7
21.4 45.2 44.5 44.7
23.4 44.8 44.3 45.4
24.7 44.4 44.3 44.6
A = RADIUS 1 
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0 + 3.15mm
WALL WEIGHT% WEIGHT% WEIGHT% TOTAL WT. HMS
(cm) (gram) ( mm )
5 18.15 53.71 28.14 66.1 4.79
10 25.71 61.9 12.38 21 5.24
15 27.06 60.59 12.35 17 5.26
20 22.88 54.9 22.22 15.3 4.98
25 10.36 60.1 29.53 19.3 4.68
5 26.44 53.28 20.28 50.3 5.07
10 14.53 68.24 17.23 29.6 4.97
15 23.33 67.78 8.89 18 5.29
20 12.77 70.21 17.02 18.8 4.96
MATERIAL
BALANCE 20.2 59.2 20.6
Appendix (D-^)
RUN No. 2 NATURE OF MATERIAL - SINTER
SUPERFICIAL VELOCITY 1.26 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B
1.4 57.9 57.1












A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -2.5+2.0mm -2.0+1.0 -1.0+0.5mm
WALL WEIGHT% WEIGHT% WEIGHT% TOTAL WT. HMS
(cm) (gram) ( mm)
5 17.74 59.06 23.2 155.6 1.28
10 12.06 55.2 32.74 223.9 1.17
15 10.09 60.65 29.26 215 1 . 19
20 10.14 65.35 24.5 180.4 1.24
25 41.55 46.99 11.45 108.3 1.54
5 17.19 61.5 21.31 153 1.29
10 11.83 57.08 31.09 184.3 1 . 18
15 11.05 59.37 29.58 193.7 1 . 19
20 11.49 68.22 20.29 259.3 1.29
MATERIAL
BALANCE 14.3 60.1 25.6
RUN No. 3 NATURE OF MATERIAL - COKE 
SUPERFICIAL VELOCITY 1.48 metres/sec 
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
Appendix (D-5)
A B C
1.4 52.2 53.6 52.2
3.4 53 54.2 52.3
5.4 54.1 54.7 54
7.4 54.5 ' 55.5 53.5
9.4 53.2 54.7 52.6
11.4 51.1 53.4 51.9
13.4 50.2 51.9 50.1
15.4 48.6 50 48
17.4 47.3 48.6 48.4
19.4 46 46.9 46.1
21.4 45.5 45.8 45
23.4 44.9 45.2 45.7
24.7 44.7 44.5 45.5
A = RADIUS 1 
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT% WEIGHT% TOTAL WT. HMS
(cm) (gram) ( mm )
5 28.47 52 19.53 42.5 5.12
10 18.42 61.94 19.64 49.4 4.98
15 22.92 61.11 15.97 14.4 5.12
20 18 67 15 10 5.07
25 22.41 48.85 28.74 17.4 4.84
5 21.81 56.8 21.38 92.6 4.99
10 25.44 62.43 12.13 33.8 5.24
15 14.62 61.92 23.46 26 4.85
20 16.1 66.1 17.8 11.8 4.98
MATERIAL
BALANCE 21.72 58.51 19.77
Appendix (D-6)
RUN No. 3 NATURE OF MATERIAL - SINTER
SUPERFICIAL VELOCITY 1.48 metres/sec

















A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -2.5+2.0mm -2.0+1.0 -1.0+0.5mm
WALL WEIGHT% WEIGHT“/» WEIGHT/» TOTAL WT. HMS
(cm) (gram) ( mm )
5 17.92 62.21 19.87 127.8 1.32
10 10.99 57.15 31.86 172 1 . 17
15 9.53 58.03 32.44 186.8 1 . 16
20 11.08 62.39 26.54 186.9 1.22
25 30.11 57.14 12.74 123.2 1.46
5 13.16 63.53 23.31 159.6 1.26
10 13.69 57.85 28.46 203.8 1.21
15 7.07 58.23 34.7 219.3 1.13
20 14.52 62.98 22.49 175.6 1.39
MATERIAL
BALANCE 13.3 59.9 26.8
Appendix (D-7)
SUPERFICIAL VELOCITY 1.76 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B C
RUN No. 4 NATURE OF MATERIAL - COKE
1.4 53.6 52.7 53.1
3.4 54 53 53.1
5.4 55.1 52.5 53.8
7.4 54.2 51.4 53.6
9.4 52.8 50.4 52.3
11.4 51.8 48.2 50.3
13.4 49.7 47.7 48.9
15.4 48.8 46 46.9
17.4 46.9 45 45
19.4 45 44.4 45
21.4 44.7 43.7 44.4
23.4 44 43.5 44.6
24.7 43.5 43.6 45.7
A = RADIUS 1 
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT% WEIGHT% TOTAL WT. HMS
( cm) (gram) ( mm )
5 17.35 71.02 11.63 49 5.14
10 17.88 50.91 31.21 33 4.74
15 26.41 53.25 20.35 23.1 5.07
20 33.33 42.33 24.34 18.9 5.08
25 13.4 55.15 31.44 19.4 4.68
5 15.35 67.72 16.93 44.3 4.99
10 22.97 55.98 21.05 20.9 5.01
15 23.2 54.58 22.22 30.6 4.99
20 21.51 51.7 26.79 26.5 4.87
MATERIAL
BALANCE 20.3 58.2 21.5
Appendix (D-8)
RUN No. 4 NATURE OF MATERIAL - SINTER 













































A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS

















WEIGHT% TOTAL WT. HMS
(gram) ( mm )
19.41 171.6 1.35
32.88 181.9 1.17




33.75 278.5 1 . 15




RUN No. 5 NATURE OF MATERIAL - COKE
SUPERFICIAL VELOCITY 1.9 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B C
1.4 52.8 52.1 52.
3.4 53.2 53.4 53.
5.4 53.8 53.1 54.
7.4 55 53.9 55
9.4 55 54.4 54.
11.4 54.9 52.7 53.
13.4 52.9 51.6 51 .
15.4 51.7 50.2 50.
17.4 50 49.5 50
19.4 48 47.5 49.
21.4 46.6 46.8 49.
23.4 46.2 46.2 48.
24.7 46.6 46.1 49.
A = RADIUS 1
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0 + 3.15mm
WALL WEIGHT% WEIGHT% WEIGHT0/» TOTAL WT.
( cm) 
5 22.22 57.93 19.85
(gram) 
67.5
10 30.85 56.22 12.94 20.1
15 25.19 57.78 17.04 13.5
20 26.67 52.59 20.74 13.5
25 19.31 54.46 26.24 20.2
5 23.66 58.26 18.08 44.8
10 21.83 59.86 18.31 28.4
15 29.21 51.69 19.1 17.8
20 28.83 49.69 21.47 16.3
MATERIAL













RUN No. 5 NATURE OF MATERIAL - SINTER
SUPERFICIAL VELOCITY 1.9 metres/sec















A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2

















WEIGHT0/» TOTAL WT. HMS
(gram) ( mm )
21.41 128.9 1.28
22.23 197 1.27










NATURE OF MATERIAL - COKE
SUPERFICIAL VELOCITY 1.26 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO ( cm)
A B C
1.4 51.2 51.6 53.6
3.4 51.3 51.7 53.5
5.4 51.1 51.6 53
7.4 50.4 50.1 51.9
9.4 48.7 48.3 50.8
11.4 47 47 49.3
13.4 45.7 45.8 47.6
15.4 43.7 44.5 45.1
17.4 42 43.2 45.1
19.4 41.3 42.6 43.6
21.4 40.9 41.8 43.9
23.4 40.9 40.9 43.9
24.7 41.4 40.5 44.1
A = RADIUS 1
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT% WEIGHT% TOTAL WT. HMS
(cm) (gram) ( mm )
5 23.24 51.05 25.71 52.5 4.91
10 15.81 57.69 26.5 23.4 4.8
15 23.74 56.83 19.42 13.9 5.05
20 12.67 56 31.33 15 4.67
25 5.05 50.51 44.44 19.8 4.36
5 15.88 54.8 29.32 57.3 4.75
10 10.67 58.06 31.27 40.3 4.65
15 21.77 53.06 25.17 14.7 4.48
20 15.08 52.76 32.16 19.9 4.68
MATERIAL
BALANCE 16.2 54.4 29.4
Appendix (D-12)
RUN No. 6 NATURE OF MATERIAL - SINTER 
SUPERFICIAL VELOCITY 1.26 metres/sec 















A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS

















WEIGHT0/» TOTAL WT. HMS
(gram) ( mm )
35.77 124.7 1 . 16
48.84 255.3 1.02
29.45 223.1 1 . 18
22.16 183.2 1.26
13.3 144.4 1.45
31.45 104.6 1 . 19





RUN No. 7 NATURE OF MATERIAL - COKE
SUPERFICIAL VELOCITY 1.48 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO ( cm)
A B C
1.4 53.2 53.1 52.
3.4 53 53.3 52.
5.4 53.1 53.1 52.
7.4 52.5 52.3 51 .
9.4 50.4 50.9 49.
11.4 49.2 49.1 48.
13.4 47.3 47.6 46.
15.4 46.9 46.7 45
17.4 45 45.3 44.
19.4 44.2 43.8 42.
21.4 43.1 43.5 42.
23.4 42.3 42.8 0
24.7 42.4 42.4 0
A = RADIUS 1
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT0/« WEIGHT0/» TOTAL WT. HMS
(cm) (gram) ( mm )
5 18.52 51.63 29.85 58.3 4.77
10 20.76 50.42 28.81 23.6 4.82
15 29.49 52.56 17.95 15.6 5.17
20 22.22 45.93 31.85 13.5 4.78
25 16.38 42.94 40.68 17.7 4.54
5 24.03 50.78 25.19 51.6 4.93
10 28.25 45.29 26.46 22.3 4.96
15 30.25 56.17 13.58 16.2 5.28
20 24.53 47.17 28.3 15.9 4.88
MATERIAL
BALANCE 22.9 49.8 27.31
Appendix (D—lU)
RUN No. 7 NATURE OF MATERIAL - SINTER
SUPERFICIAL VELOCITY 1.48 metres/sec

















A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS

















WEIGHT% TOTAL WT. HMS
(gram) ( mm )
28.5 150.5 1.22
35.62 159.2 1 . 14




37.69 186.8 1 .11




RUN No. 8 NATURE OF MATERIAL - COKE
SUPERFICIAL VELOCITY 0 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (öm)
A B C1.4 51.5 51.3 513.4 51.2 51.2 • 50.85.4 51.1 51.5 50.57.4 50 51 48.9
9.4 48.8 49.1 48
11.4 47.3 47.3 46.9
13.4 45.2 45.7 44.415.4 43.5 44 43.3
17.4 42.2 43 41.7
19.4 41.1 41.6 40.6
21.4 40.4 41 39.4
23.4 40.4 41 40.5
24.7 40.6 40.2 40.6
A = RADIUS 1
B = RADIUS 2
C = RADIUS 1 AFTER SINTER CHARGING
SAMPLE ANALYSIS
DIST. SIZE 1 SIZE 2 SIZE 3
FROM -8.0+6.3mm -6.3+4.0mm -4.0+3.15mm
WALL WEIGHT% WEIGHT0/ WEIGHT0/ TOTAL WT.
(cm)
5 26.17 56.74 17.1
(gram) 
38.6
10 19.43 58.92 21.66 31.4
15 34.13 56.25 9.62 20.8
20 29.77 51.16 19.07 21.5
25 17.13 57.77 25.1 25.1
5 13.67 68.35 17.97 39.5
10 22.09 60.64 17.3 24.9
15 22.54 65.57 11.89 24.4
20 27.25 50.53 22.22 37.8
MATERIAL













SUPERFICIAL VELOCITY 0 metres/sec
DIST FROM WALL(cm) HEIGHT ABOVE ZERO (cm)
A B














A = RADIUS 1 
B = RADIUS 2
SAMPLE ANALYSIS

















WEIGHT0/» TOTAL WT. HMS
(gram) ( mm )
17.91 112.8 1.35
34.24 295.3 1 . 14




33.08 195.3 1 . 16





















































9 . 7 °






ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
RUN NUMBER 1 SUPERFICIAL VELOCITY 1.0lm/s




5.4 1.04 0.59 0.94
7.4 1.30
9.4 1.94 0.52 1.00
11.4 1.92
13.4 2.03
15.4 2.76 0.45 0.52
17.4 3.40
19.4 2.50 0.61 1.50
21.4 3.80
23.4 2.20
24.7 2.22 2.84 0.29
Appendix (F-2)
ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
RUN NUMBER 2 SUPERFICIAL VELOCITY 1.26m/s




5.4 0.96 0.76 0.64
7.4 1.09
9.4 1.24 0.37 2.08
11.4 1.55
13.4 2.03
15.4 2.00 0.34 2.19
17.4 3.36
19.4 2.33 0.41 1.03
21.4 1.93
23.4 0.76
24.7 1.15 3.63 0.35
Appendix (F-3)
ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
RUN NUMBER 3 SUPERFICIAL VELOCITY 1.48m/s






















ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
RUN NUMBER 4 SUPERFICIAL VELOCITY 1.7 6m/s




5.4 1.13 1.25 1.49
7.4 1.09
9.4 1.08 0.39 0.57
11.4 1.54
13.4 1.91
15.4 2.81 0.31 1.30
17.4 4.88
19.4 1.79 0.57 1.37
21.4 1.88
23.4 1.47
24.7 0.88 4.21 0.43
Appendix (F-5) 
ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
RUN NUMBER 5 
RADIAL POSITION







































ORE TO COKE RATIO
PERCENTAGE LARGE PARTICLE TO SMALL PARTICLE
Appendix (F-6)
RUN NUMBER 6 SUPERFICIAL VELOCITY 1.26m/s




5.4 0.31 0.51 0.49
7.4 0.83
9.4 0.86 0.14 0.47
11.4 0.87
13.4 1 . 14
15.4 2.52 0.23 0.78
17.4 1.05
19.4 1.29 0.47 0.60
21.4 0.65
23.4 0.33
24.7 0.41 2.2 0.09
Appendix (F-7)
ORE TO COKE RATIO
PERCENTAGE LARGE TO SMALL PARTICLE
RUN NUMBER 7 SUPERFICIAL VELOCITY 1.48m/s




5.4 1.40 0.61 0.62
7.4 2.70
9.4 3.80 0.34 0.72
11.4 3.50
13.4 13.2
15.4 9.80 0.18 1.64
17.4 2.70





ORE TO COKE RATIO
PERCENTAGE LARGE TO SMALL PARTICLE
RUN NUMBER 8 SUPERFICIAL VELOCITY 0.0 m/s




5.4 1.41 1.09 1.53
7.4 2.48
9.4 2.14 0.19 0.90
11.4 1.85
13.4 3.11
15.4 2.42 0.19 3.55
17.4 2.59
19.4 2.26 0.41 1.56
21.4 3.08
23.4 1.41
24.7 1.44 2.70 0.68
Appendix (G-l)
ABOVE BURDEN VELOCITY
RUN 1 SUPERFICIAL VELOCITY 1.01m/s 
MATERIAL COKE












































RUN 2 SUPERFICIAL VELOCITY 1.26m/s 
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/Vt
1 960 7.6 2.52 2.00
2 860 5.4 1.79 1.42
3 310 0.8 0.27 0.21
4 660 2.8 0.93 0.74
5 1240 13.0 4.31 3.42
6 1230 11.4 3.78 2.30
MATERIAL SINTER 
PROBE
1 1055 9.0 2.98 2 ,37
2 740 4.0 1.33 1 .,05
3 600 2.4 0.79 0,.63
4 190 0.6 0.19 0,, 16
5 1420 17.2 5.70 4,.53
6 1220 11,2 3.71 2,.95
Appendix (G-3)
ABOVE BURDEN VELOCITY
RUN 3 SUPERFICIAL VELOCITY 1.48m/s
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/Vt
1 1140 10.6 3.51 2.37
2 955 6.6 2.19 1.48
3 1125 7.1 2.35 1.59
4 970 5.8 1.92 1.30
5 1260 13.6 4.51 3.05
6 1200 10.8 3.58 2.42
MATERIAL SINTER
PROBE
1 1100 9.8 3.25 2.20
2 1045 8.0 2.65 1.79
3 750 3.4 1. 13 0.76
4 770 3.6 1 . 19 0.81
5 1410 17.0 5.64 3.81
6 1300 12.8 4.24 2.87
Appendix (G-4)
ABOVE BURDEN VELOCITY
RUN 4 SUPERFICIAL VELOCITY 1.76m/s
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST, 1/min m/s u/Vt
1 1120 10.0 3.32 1.88
2 965 6.8 2.25 1.28
3 850 4.4 1.46 0.83
4 845 4.4 1.46 0.83
5 1300 T-l 4.77 2.71
6 1235 11.5 3.81 2.17
MATERIAL SINTER
PROBE
1 1310 16.0 5.31 3.01
2 1045 8.0 2.65 1.51
3 690 2.9 0.96 0.55
4 535 2.0 0.66 0.38
5 1555 22.4 7.43 4.22
6 1280 12.4 4.11 2.34
Appendix (G-5)
ABOVE BURDEN VELOCITY
RUN 5 SUPERFICIAL VELOCITY 1.90m/s
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/vt
1 1240 13.4 4.44 2.34
2 890 5.8 1.92 1.01
3 1370 10.0 3.32 1.76
4 1000 6.2 2.06 1.08
5 1465 18.4 6.10 3.21
6 1420 17.0 5.64 2.97
MATERIAL SINTER
PROBE
1 1150 10.8 3.58 1.88
2 1035 7.8 2.59 1,36
3 1370 10.0 1.59 0.84
4 940 5.6 1.86 0.98
5 1525 20.8 6.89 3.63
6 1445 18.1 6.00 3.16
Appendix (G-6)
ABOVE BURDEN VELOCITY
RUN 6 SUPERFICIAL VELOCITY 1.26m/s
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/Vt
1 914 7.0 2.32 1.84
2 720 3.8 1.26 1.00
3 431 1.4 0.46 0.37
4 472 1.6 0.53 0.42
5 1100 11.0 3.65 2.90
6 939 7.1 2.35 1.87
MATERIAL SINTER
PROBE
1 800 6.4 2.12 1.68
2 677 3.6 1.19 0.94
3 567 2.1 0.70 0.56
4 290 0.8 0.27 0.21
5 1200 12.4 4.11 3.26
6 963 7.4 2.45 1.94
Appendix (G-7)
ABOVE BURDEN VELOCITY
RUN 7 SUPERFICIAL VELOCITY 1.48m/s
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/Vt
1 1061 9.2 3.05 2.06
2 877 5.6 1.86 1.26
3 845 4.4 1.46 0.97
4 500 3.0 0.99 0.67
5 1250 13.2 4.38 2.96
6 1164 10.2 3.38 2.28
MATERIAL SINTER
PROBE
1 1170 11.2 3.71 2.51
2 1019 7.4 2.45 1.66
3 758 3.6 1 . 19 0.80
4 285 0.8 0.27 0.18
5 1460 18.4 6.10 4.12
6 1380 15.8 5.24 3.54
Appendix (H-l)
HOPPER DISCHARGE SEGREGATION 
PERCENTAGE WEIGHTS
Type of material: SINTER
SAMPLE LARGE MEDIUM SMALL
NUMBER Wt.(gm) %Wt. Wt.(gm) %Wt. Wt.(gm) %wt
1 32.4 2.49 625.6 48.08 643.2 49.
2 97.7 4.79 691.9 48.47 627.2 46.
3 187.9 7.35 878.4 50.76 542.1 41.
4 184.0 8.43 946.6 52.78 496*8 38.
5 291.4 10.64 876.6 53.91 332.9 35.
6 279.6 11.8 957.2 54.72 402.6 33,
7 400.7 13.72 928.6 54.96 320.0 31.
8 334.7 14.63 957.9 55.52 325.4 29.
9 307.5 15.09 996.9 56.04 362.0 28.
10 278.1 15.12 1090.7 56.55 433.6 28*





NUMBER Wt.(gm) %Wt. Wt.(gm) %wt. Wt.(gm) %wt
1 178.4 18.33 590.5 60.66 204*6 21.
2 187.2 18.95 601.1 61.78 167.1 19.
3 102.7 16.98 582.7 64.32 144.2 18.
4 259.4 20.48 430.0 62.25 106.0 17.
5 269.8 22.81 409.7 59.77 140.0 17.





















THREE RING ANALYSIS(SINTER ONLY) 
PERCENTAGE WEIGHTS
FIRST RING 
SAMPLE LARGE MEDIUM SMALL
POSITION %Wt. %Wt. %Wt.
5cm 19.0 45.2 35.8
10cm 3.0 59.6 37.4
15cm 3.8 35.7 60.5
20cm 5.9 50.6 43.5
SECOND RING
SAMPLE LARGE MEDIUM SMALL
POSITION %Wt. %Wt. %Wt.
5 cm 18.4 45.2 36.4
10cm 4.0 43.6 52.4
15cm 6.0 41.7 52.2
20cm 7.4 64.7 27.9
THIRD RING
SAMPLE LARGE MEDIUM SMALL
POSITION %Wt. %Wt. %Wt.
5cm 17.0 56.9 26.1
10cm 10.4 54.8 34.8
15cm 7.4 63.8 28.9
20cm 16.5 71.3 12.2
25cm 32.9 44.8 22.2
Appendix (1-2)
THREE RING PROFILE ANALYSIS
Radial Height above zero level(cm)
Post.(cm) BASE COKE 1ST RING 2ND RING 3RD RING
1.4 35.8 37.6 37.9 38.3
3.4 35.2 36.6 38.0 38.6
5.4 34.0 35.0 36.7 38.2
7.4 - 33.5 35.2 36.9
9.4 - 32.0 33.9 35.6
11.4 - 30.5 32.0 33.9
13.4 - 29.0 30.9 32.6
15.4 - 27.5 29.3 31.2
17.4 25.9 25.7 27.8 29.7
19.4 24.6 24.5 25.9 28.1
21.4 24.5 24.5 24.6 26.6
23.4 23.9 24.0 24.0 25.5
24.7 23.9 23.9 24.2 25.3
ANGLE OF REPOSE 
(11.4cm-21.4cm) 33.02 37.39 35.81
Appendix (J-l)
SAMPLE CALCULATION OF HARMONIC
Material: SINTER
Distance from wall



























SAMPLE CALCULATION OF ABOVE BURDEN AIR VELOCITY
Appendix (J-2)
Material: SINTER RUN 1 Vt = l.Olm/s
Sample area: thermistor 1 at 20cm from wall 
Millivolt reading from data logger s 910mV 
from rotameter calibration chart = 6.81/min
6.8
= ■ 1 ■ ■ m 3/s
60000
= 1.13 x 10“4m 3/s
Diameter of hose used in thermistor calibration = 0.8cm 
Since Q £ u . A and X.sect. area of hose = 5.03 x 10-5m 






PROFILE and ORE/COKE RATIO
DIST FROM HEIGHT ABOVE ZERO (cm)
WALL(cm) static gas flow O/C
coke sinter coke sinter1 sinter2 static gas flow
1.4 24.6 25.5 26.0 27.9 27.7 0.21 0.38
3.4 24.3 26.1 26.7 28.9 28.8 0.40 0.46
5.4 23.0 26.2 26.1 29.8 28.8 0.80 0.69
7.4 21.3 25.9 25.1 29.5 29.0 1.37 1.26
9.4 20.1 24.4 23.4 28.3 27.8 1.24 1.57
11.4 18.5 23.1 22.3 27.2 26.4 1.21 1.32
13.4 16.8 21.0 20.8 25.0 26.2 1.24 1.74
15.4 15.1 20.1 19.2 24.6 24.7 1.32 1.83
17.4 14.0 18.6 17.9 23.3 23.4 1.26 1.77
19.4 12.8 17.0 16.6 21.9 21.9 1.07 1.56
21.4 12.1 15.5 15.4 20.6 20.0 0/67 1.24
23.4 11.4 14.4 15.1 20.0 19.8 0.56 1.00
24.7 11.4 14.2 14.9 20.0 18.9 0.61 0.85
sinter2 = profile measured by conductivity probe
( K— 2 )
INDUSTRIAL APPLICATION 
ABOVE BURDEN VELOCITY
RUN 9 SUPERFICIAL VELOCITY 1.26m/s 
MATERIAL COKE
PROBE mV Flow rate velocity relative
POST. 1/min m/s u/Vt
1 475 4.2 1.39 1 .10
2 435 1.8 0.60 0.48
3 425 1.4 0.46 0.37
4 465 1.6 0.53 0.42









600 3.4 1.13 0.90
520 2.0 0.66 0.52
510 1.8 0.60 0.48
610 2.4 0.80 0.63




Type of material: Coke ZERO AIR FLOW 
rad weight percentage
posn. sizel size2 size3 size4 size5 H.M.S
5 22.51 45.87 14.25 8.26 9.12 3.95
10 18.09 48.40 20.74 7.18 5.59 3.10
15 15.58 49.86 14.45 7.37 12.75 3.67
20 20.59 46.73 20.26 8.17 4.25 4.23
25 12.17 36.47 26.09 19.57 5.80 3.63
5 17.86 46.43 17.46 10.32 7.94 3.89
10 20.51 39.93 18.32 9.52 11.72 3.67
15 15.75 45.42 15.75 9.89 13.19 3.56
20 21.79 44.23 19*87 10.90 3.21 4.24
INDUSTRIAL APPLICATION 
HARMONIC MEAN SIZE
Type of material: Sinter ZERO AIR FLOW 
rad weight percentage
posn. sizel size2 size3 size4 size5 H.M.S
(K-4)
5 5.31 10.24 41.47 31.23 11.76 0.93
10 3.43 11.91 34.99 33.28 16.39 0.85
15 2.92 10.70 52.04 28.79 5.54 1.07
20 11.69 30.45 50.55 6.09 1.22 1.59
25 55.30 29.30 11.59 2.81 0.99 2.14
5 3.82 11.87 41.85 31.99 10.46 0.95
10 5.56 10.70 31.67 34.52 17.55 0.83
15 3.08 9.S8 40.56 37.10 9.37 0.93
20 7.57 25.52 57.63 8.06 1.22 1.51
(K-5)
INDUSTRIAL APPLICATION 
HARMONIC MEAN SIZE 
Type of material: Coke GAS FLOW 
rad weight percentage
posn. size 1 size2 size3 size4 size5 H.M.S
5 26.63 50.77 13.31 6.50 2.79 4.61
10 20.70 47.14 18.06 9.69 4.41 ' 4.20
15 13.42 51.68 20.81 9.40 4.70 4.08
20 20.73 46.95 19.51 9.76 3.05 4.29
25 12.92 34.93 28.71 17.70 5.74 3.66
5 20.55 47.40 18.63 6.85 6.58 4.11
10 21.52 52.47 15.25 6.28 4.48 4.37
15 9.88 42.39 20.58 10.29 16.87 3.27
20 15.34 52.27 15.34 9.66 7.39 3.96
INDUSTRIAL APPLICATION 
HARMONIC MEAN SIZE 
type of material: Sinter GAS FLOW 
rad weight percentage
(K-6)
posn * sizel size2 size3 size4 size5 H.M.S
5 9.23 14.96 32.42 27,42 15.96 0,90
10 6.49 12,73 35.08 31.21 14.48 0.90
15 1.99 9.17 41.55 37.57 9.72 0.92
20 2.62 14.96 58.47 21,76 2.20 1.23
25 20.25 29.21 39.72 8.50 2.32 1.56
5 10.30 18.61 37.84 23.70 9.55 1.06
10 5.92 10.45 .37.57 31.95 14.10 0*89
15 2.53 8.26 43.62 35.74 9.85 0.93
20 1.78 12.83 58.55 22.33 4.51 1.15
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